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EXECUTIVE SUMMARY 


One of the important issues in the design of a lunar base is the thermal control 
system (TCS) used to reject low-temperature heat from the base. The TCS ensures that 
the base and the components inside are maintained within an acceptable temperature 
range. The temperature of the lunar surface peaks at 400 K during the 336-hour lunar 
day. Under these circumstances, direct dissipation of waste heat from the lunar base 
using passive radiators would be impractical. Thermal control systems based on 
thermal storage, shaded radiators, and heat pumps have been proposed. Based on 
proven technology, innovation, realistic complexity, reliability, and near-term 
applicability, a heat pump-based TCS was selected as a candidate for early missions. 

In this report, Rankine-cycle heat pumps and absorption heat pumps (ammonia- 
water and lithium bromide-water) have been analyzed and optimized for a lunar base 
cooling loa d of 100 kW. For the Rankine cycle, a search of several commonly used 
commercial refrigerants provided R11 and R717 as possible working fluids. Hence, the 
Rankine-cycle analysis has been performed for both R11 and R717. Two different 
configurations were considered for the system— one in which the heat pump is directly 
connected to the rejection loop and another in which a heat exchanger connects the 
heat pump to the rejection loop. For a marginal increase in mass, the decoupling of 
the rejection loop and the radiator from the heat pump provides greater reliability of 
the system and better control. Hence, the decoupled system is the configuration of 
choice. The optimal TCS mass for a 100 kW cooling load at 270 K was 5940 kg at a 
radiator temperature of 362 K. R11 was the working fluid in the heat pump, and R717 
was the transport fluid in the rejection loop. 

Two TCSs based on an absorption-cycle heat pump were considered, one with an 
ammonia-water mixture and the other with a lithium bromide-water mixture as the 
working fluid. A complete cycle analysis was performed for these systems. The 
system components were approximated as heat exchangers with no internal pressure 
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drop for the mass estimate. This simple approach underpredicts the mass of the 
systems, but is a good "optimistic" first approximation to the TCS mass in the absence 
of reliable component mass data. The mass estimates of the two systems reveal that, in 
spite of this optimistic estimate, the absorption heat pumps are not competitive with the 
Rankine-cycle heat pumps. 

Future work at the systems level will involve similar analyses for the Brayton- and 
Stir ling-cycle heat pumps. The analyses will also consider the operation of the pump 
under partial-load conditions. On the component level, a capillary evaporator will be 
designed, built, and tested in order to investigate its suitability in lunar base TCS and 
microgravity two-phase applications. 


in 
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CHAPTER 1. INTRODUCTION 

One of the important issues in the architecture of a lunar base is the design of a 
thermal control system (TCS) to reject the low-temperature heat from the base. The 
TCS enures that the base and all the components inside are maintained within the 
operating temperature range. The temperatures of the lunar surface peak to about 
400 K during the 336-hour lunar day, and the issue of low-temperature (less than 400 K) 
heat rejection from the base under such conditions is a technically challenging one. 
Prior studies have shown that the overall mass of a TCS and its power supply under 
such circumstances can be significant [1-3]. 

The single largest fraction of the overall cost for any space mission is associated 
with the initial launch, which continues to be in the vicinity of $6, 000-$1 2,000/kg from 
Earth to LEO. The reduction of lift mass at launch is a key design driver in space 
mission planning. In attempts to find the lowest mass for the TCS, several options have 
been proposed. One option would be to store the waste heat deep in the lunar regolith 
[1], which would require a piping system, working as a heat exchanger, to be buried in 
the soil. The technical difficulties and uncertainties associated with large-scale 
excavation on the Moon, and a lack of knowledge about the thermal properties of lunar 

regolith, are primary reasons for not pursuing this path at this juncture. However, this 
option holds promise for the future. 

A significant portion of the total mass of the TCS is due to the radiator. Shading 
the radiator from the Sun and the hot lunar soil could significantly decrease the 
radiator's sink temperature and, hence, its mass. Therefore, the concept of shaded 
lightweight radiators has been proposed. This technology requires the shades to be 
built of specular surfaces. The degradation rate of radiator properties in a lunar 
environment is not known. At least for the initial cases, the prudent approach would be 
to employ systems that rely on proven technology. The concept of using a heat pump 
fits this bill. In this concept, energy in the form of heat, or work, is supplied to the 
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heat pump, which collects heat from the low-temperature source (the lunar base) and 
delivers it at a higher temperature to the radiator. The mass of a radiator dissipating 
high-temperature heat would be significantly lower than one operating without a 
temperature lift. A simplified block diagram of this concept is illustrated in Figure 1. 



l cool 


T cool < ^reject 


reject 


Figure 1. Schematic of a thermal control system (TCS) using a heat 


pump. 


Heat pumps have been in use for terrestrial applications for a long time. 
Refrigeration devices utilizing a thermodynamic cycle are essentially heat pumps. A 
vapor compression cycle (involving two constant- pressure and two adiabatic 
processes) is the most widely used. It is also called a Rankine cycle and requires 
shaft work. Absorption cycles, on the other hand, are heat driven and do not require 
high-quality shaft work. The Stirling cycle, consisting of two isothermal and two 
constant-volume processes, promises a better efficiency than the Rankine cycle. 
Theoretically, it reaches the same efficiency as the optimal Carnot cycle, but the 
processes are technically difficult to realize. Today, Stirling-cycle coolers are used in 
cryogenic applications. Experiments using this cycle for residential heat pumps show 

promising results [4, 5], but these heat pumps are in their infancy in terms of their 
technology readiness levels. 

In order to optimize the mass of the heat-pump-augmented TCS, all promising 
options havo to ba evaluated and compared. During these preliminary comparison 
studies, considerable care has to be given to optimizing system operating parameters, 
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working fluids, and component masses. However, in order to keep this preliminary 
study simple and concise, some issues are not being considered at this time: (1) While 
evaluating system mass, the control components are not accounted for since the 
difference in the masses for the various cycles and working fluids would not be large. 
(2) The systems are modeled for full-load operation, and the implications and power 
penalties at off-design and partial-load conditions are not considered. However, it is 
realized that the surface temperature of the lunar regolith varies considerably during 
the lunar day, as shown in Figure 2. This variation in the regolith temperature indicates 
that the temperature lift and the load of the heat pump vary as a function of the time of 
day. For this reason, the performance of the heat pump at partial-load conditions is 
important and will be studied in detail in the future. (3) Redundancy requirements are 
not considered. Issues such as these will be studied in detail during the design of the 
actual system. The Rankine-cycle heat pump is the first option to be studied. The 
details are presented in Chapter 2. Following this, the absorption cycle using both 
ammonia-water and lithium bromide-water mixtures are analyzed. The absorption cycle 
is discussed in detail in Chapter 3. 



Figure 2. Variation of lunar regolith temperature with time of day. 



CHAPTER 2. A THERMAL CONTROL SYSTEM BASED ON 
A RANKINE-CYCLE HEAT PUMP 

A detailed cycle and maaa analysis of a Rankine-cycle heat pump is presented in 
Section 2.3. Sections 2.1 and 2.2 describe the cooling load requirements for the lunar 
base and the design of the acquisition loop, respectively. Section 2.4 considers the 
mass model used for the radiator, and Ihe mmts model of the power supply is dis- 
cussed in Section 25. The results of the mass optimization are presented in Section 2.6. 


2.1 Cooling Load 

In order to estimate the cooling load, a closed-system analysis was performed on 
a lunar base. Energies crossing the boundaries are electrical power supply, conduction 
through walls, and heat removed by the acquisition loop of the TCS. Internally, heat 
generation can occur due to human metabolic activity. The electrics, power input for a 
g base is estimated to be between 50 and 100 kW, more likely 100 kW [1, 
6-8J. Conduction through the walls depends on the insulation, and it is possible to 
reduce heat gains or losses to a very small fraction of Ihe electrical input without 
significant mass penalties. Hence, they are neglected. Based on food consumption, a 
crew member produce, an average of about 150 W. For a crew of 6 to 8 members, the 
lotal heat generation would again be negligible, compared to the electrical input 
Therefore. ,h. cooling load (,h. heat removed by the aoquisilion loop, can be equated 
to the electrical input lo the base. Staled differently, this implies that all electrical 
input will finally be dissipated as heat The value for Ihe cooling load is fixed at 100 
kW for this study. When further details about the design and activities of the base are 
known, these assumptions can be revisited and refined if necessary. 


2.2 The Acquisition Loop 

The acquisition loop colled, tee excess heat from tee lunar base and transports i, 
to the heat pump. It consists of cold plates and a network of connecting pipes. The 
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heat is transported by a single-phase fluid. Since the coolent in the acquisition loop 
circulates in the habitation module, nontoxicity is a necessity for safety considerations. 
Water, with certain trace additives to depress its freezing point, would be a good 
candidate. For this study, it was decided that one cooling loop opiating at a single 
pre-designed temperature would be u»d. This temperature was chos«, to be 275 K 
(the lower of the two Space Station cooling-loop temperatures). The variation in the 
temperature of the coolant ha, to be small enough to provide isothermal cooling for 
small variation, in the load, ye, large enough to ktmp th. coolant flow rat. within 
reasonable limits. The man flow rate in the acquisition loop is m . Q^/jCpAT). If 
water with trace additives were used as the coolant, the temperature variation in the 
acquisition loop taken to be 5 K, and the water temperature to be 275 K, then the mass 
flow rate in the acquisition loop would be 4.8 kg/s. 


2.3 The Heat Pump 

Two different heat pump configurations were investigated. In the first 
configuration. Case A, the heat pump is directly connected to the rejection loop. In 
this case, the condenser of th. heat pump and the radiator are one and the same The 
refrigerant circulating in the h.„ pump condenses and ,e,ec, s heat through the radiator. 
In the alternative configuration, Case B, the hex p™ p and the ra f ection loop are 
decoupled with a heat axchanger. Here, the heat exchanger is th. condenser for the 
heat pump and a rejection loop transports th. heat of condensation to the radiator for 
dissipation. Both the cases will be analyzed in detail in the following sections of this 
chapter, and their pros and cons will be discussed. 


2.3.1 Heat Pump Coupled Directly to th. Rejection Loop (Case A) 

A simplified schematic of a heat pump directly connected to the rejection loop is 
illustrated in Figure 3. The main parameters of interest in the design of a heat pump 
used for cooling are th. input heat flux (C^,) and its temperature (T c «,). the 
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F-gure 3. Schematic of a heat pump directly connected to the rejection loop. 


temperature lift, and the coefficient of performance. The COP of a heat 
defined as 


pump is 


COP 


- 9sssl 


W, 


where W c is the power consumed by the heat 


pump. 


The Compressor .—Figure 4 iliuslrates the Rankine-cycle on a p-h diagram. The 
working „ u id in .he vapor shite is oomprsssed from p, ,o p 2 . ideally, „„ process 
would be isentropio (1-2s,. Due ,o irrevsrsibilifies. fbe proofs is nonisenfropic 


w, 


c, ideal " ^2s " 


W, 


c, real ■ hg - fy 


n - hi 

^compressor - ^ , 

where h is the specific enthalpy and the subscripts refer to 
In order to limit the number of free 


the states in Figure 4. 


parameters, it is assumed that the compression 
would be performed in a singie sfege. Cusfomeriiy, airpten. cooling systems ufiiire 
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Figure 4. Rankin© cycle for R717 plotted on a p-h diagram. 


multistage compression [9], but there is no intercooling between the stages. Hence, 
effectively, the compression can be modeled to be single stage. The properties of the 
refrigerant used for the calculations were obtained from Reynolds [10] and a 
FORTRAN77 code was developed in-house [11]. Deviations from the ideal behavior in 
the compression occur due to mechanical, electrical (motor), and electronic (controller) 
inefficiencies and fluid friction. The values for the inefficiencies in state-of-the-art 
aircraft cooling equipment were obtained from R. Murray (AiResearch, Los Angeles, 
California, private communication, 1991) and are as follows: lmtch - 0.95, Wtrjca| . 

0.94, Wvonic “ 0 91 - and r) fluid - 0.75. The excess energy supplied to overcome these 
inefficiencies will be converted to heat. Since the compressor would operate in a 
high-vacuum environment, radiation to the environment and convection of the heat by 
the vapor flow inside are the only heat rejection mechanisms. The contribution due to 
heat radiation can be shown to be negligible by modeling the compressor as a black 
cube, 0.25 m per side, at 400 K. Therefore, it can be assumed that all the energy 
supplied to the compressor will be used to compress and heat the refrigerant. The 
overall efficiency of the compressor is the product of all four efficiencies (61%). It 
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should be noted that the temperature of the compressor can be maintained within 
operating limits by use of a cold plate. This is not required, however, because the 
working fluid can convectively remove the excess heat from the compressor. 

The next step is a mass estimate for the compressor. In aircraft cooling, the 

compressor mass Is assumed to be proportional to the cooling load. One pound (0.454 

kg) per kilowatt is the value suggested (R. Murray, AiResearch). In our analysis, the 

cooling load of the lunar base is kept a constant. The heat pump output temperature, 

and hence the total heat rejected by the heat pump, is varied. Since the assumption of 

compressor mass being proportional to the cooling load would lead to an unrealistic 

constant mass estimate in our case, it was modified as follows: A proportionality was 

assumed between compressor mass and the heat pump output, which is the sum of the 

input heat and compressor power. The proportionality constant was arrived at as 

follows: The reference temperatures to obtain the proportionality factor, T high - 380 K 

and T low - 275 K, are values typical for an aircraft cooling system. For these 

temperatures and R717 as the refrigerant, the heat pump overall COP is 0.805. With 
this value, 


m comp 


M, 


IlssnsL . ro m * i 
A I '■ J cool m comp J 

v 4ej«ct 


COP I 

,<W cop * ')J 


- 0.202 kg/kW , 


Where m ‘”"» is lhe “"'pressor mass in kilograms per kilowatt of rejected heat, 
is the actual compressor mass in kilograms, and m^ is the compressor mas, m 
kilograms per kilowatt of cooling load. 


Discharge and Return Lines To and From the Radiator.-At point 2 in Figure 4, 
the refrigerant is in the superheated state. The length of the discharge line depends on 
the layout of the lunar base and how the radiators are configured spatially. The 
discharge line has to connect all th. radiator, to the compressor. Figure 5 
schematically depict, the setup of th. radiators and the piping. Assuming the radiators 


I 


Lunar Base 


Heat Pump 


Figure 5. Schematic of radiators and rejection loop piping. 

are o, constant heigh,, i, is reasonable ,o take Ihe pip. tength ,o be proportional ,o Ihe 
radiator area, ,.e„ L . s ♦ A/H, where L is Ihe length lha, will be used ,o determine the 
pressure drop, A is ,h. radiator area, H is ,h. "equivalent heigh," ot ,h, rad, a, or, and S 
is the d, stance from Ihe lunar base to Ihe radiator array. (The equivalent height" is not 
-he same as the actual heigh, because „ access for bends in Ihe piping and/or a 
spacing behveen Ih. radiators.) The complete rejection loop length is 2 L The 
pressure drop in the piping i, a functi™ o, the pipe dituneter and is determined based 
on recommendations tor good design practice [,*]. The pressure drop in the 
discharge line, the radiator (condenser), and the return line is taken to be Ihe 
equivalent o, a , K temperature drop. is important tor tire thermodynamic mode, that 
-tie pressure drop be small enough lha, i, doe, no, attecl the overai, efficiency. Fixing 
the teal pressure drop allow, the designer ,o decouple tire pipe sizing from Ihe 
thermodynamic evaluation o, ,h. heal pump. The pressure drop is split, such tha, one- 
h.« c, I, occurs in th. ccndenser and Ih. res, is in ,h. discharge and return line. The 
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friction losses in discharge and return lines are determined based on the optimization 

of the P'pe masses. The frictional pressure drop. (Ap), -Mv*/2pd, where the friction 
factor for smooth pipes is f - (2 log^Sf/Re^l-z. d is the pipp diame|er , ^ 

length o, the pipe, „ i, ihe fluid velocity, , is the fl uid densily , and R , „ p|po 
Reynolds number. Th. total mas, is the sum of fhe mas, o, the pip. and ,h. mass o, 
the fluid in th. pipe. The tub. thickness is computed based on a factor of safety of 
tlrree. A minimum thickness of 0.5 mm is also required. The density of the piping 

based on a light-weight, high-strength aluminum alloy. Should such an alloy 
be chemically incompatible with ,h. refrigerant of choice, th. inside o, the pipe, can 
be coated to take care of the problem. The masse, are 


2a, 


y.pip* 


Mi 


'fluid 




where itypip. , s the allowable (design, stress for the pipe material. 

Between points 2 and 3, the superheated vapor is cooled in the radiator. Ideaily 
this process can be modeled as an isobaric process, bu, due to pipe friction and hea, 
losses, a small pressure drop would occur. Be, ween points 3 and 4. the refrigerant is 
to saturated liquid. A finite pressure drop occurs in the condenser The 
nrass estimate for ,h. condenser will be discussed in the radiator section (82.4) The 
hea, to be rejected by ,h. radiator is ^ - h, - h,. From point 4, ,he saturated 
'■fluid is sen, from the radiator to ,h. throttle valve located a, ,h. evaporator in„, 

^ ** *• retum line is based on the same guidelines 

described for the discharge line. 


Evaporator and Throttle Valve.-Betwem, points 4 and 5, the fluid is adiabatically 
throttled. The mas, of ,h. throttle valve is n eg,ig ibl e compared to the mass of the 
other components o, ,h. hea, pump. Between pointy 5 and ihe refrigerant absorbs 
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heat from the primary coolant circulating in the lunar base. The heat removed is 

’ hl " h 5‘ The mass of th e evaporator is obtained based on a suggested value of 
2.72 kg/kW [13]. 


Refrigerant.— One of the important issues is the choice of refrigerant to use as the 
working medium for the Rankine cycle. The refrigerants that are commonly used in 
terrestrial and aerospace applications, R11, R12, R113, R114, and R717, were 
considered [9], R113 and R114 were eliminated from the list of potential refrigerants 
because of the possibility of condensation of the vapor in the compressor (Figure 6). 
Such condensation would be detrimental to the life of the compressor. The selection 
was then narrowed to R11 and R717, because R12 has a lower COP and a lower critical 
temperature (R717: T^ - 407 K; R11: T„ it - 474 k; R12 : T^ - 385 K). The p-h 
diagrams for R717 and R11 are shown in Figures 4 and 7. respectively. Safety 
considerations give an edge to R11 because of its nontoxicity and noninflammability, 
but R717 offers better heat transport properties. The thermodynamic properties of the 
refrigerants were obtained using the analytical functions suggested by Reynolds [10], 
The COP can be expressed in terms of the specific enthalpies as 

COP - . 

h 2 - h 1 

The overall COP was computed aa a function of the condenser temperature and Is 

plotted In Figure 8. Table 1 lists the COP calculations for a condenser temperature of 
380 K. 


Implementation of Heat Pump and Piping Model.-Values for COP and the mass 
of the piping were computed and tabulated for varying rejection temperatures using the 
models discussed above. These tabulated values were imported to a spreadsheet and 
linearly interpolated where necessary. 



Pressure [MPa 






coi 



Table 1 . Properties of R717 and R11 in the Rankine cvcle 
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2 3.2 He., Pump Decoupled from Re j<>cllon Uoop by Heat ^ ^ 

ting the heat pump directly to the radiator has inherent disadvantages If 
the refrigerant used in th. Ranlcln. cycle is not Ih, h.., on . for . baat trarBport , oop 

'' W0UW bS ad ~ U ’ * ~ 'oop from ,h. hea, pump using a 

exchanger. This configuration, a heat pump-augmented TCS. is shown in Figure 9 

From a syslem^esign P-peclive, „ |. desired, e ,o decouple subsystems lha, carry ou, 

different tasKs. Th. decoupled case would provide for defer and simpler control 

: TCS dUnn9 a hea, exchanger between 

,W ° W0U ' d CaU “ " "o-ween ,h. hea, pump and Ihe 

rejection loop and delated mas, penally. To compensate for |ba , empera , ura 

drop, the heat pump has to deliver the output heat at a hinh.r , 

p eai at a "igher temperature and 

- in the rejection ioop. ,he only foreseeable advantage of ,h. decoupled system 
would be the possibility of defer and simpler control. However, Cher advantages 
=CU emerge „ ,wo different fluids were used. Many hea, pumps operating in parallel 

could share Ih. same decoupled rejeofon loop. Also, a meleorile hi, 

loop piping would no, pu, ,h. he., pump ou, o, commission. 
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The thermodynamic and mass models for the heat pump with an output heat 
exchanger (Case B) differ only in a few aspects from the models presented for Case A 
(§2.3.1). Only these differences will be discussed here. 

Condenser.— In Case B, the condenser is a heat exchanger that decouples the 
rejection loop from the heat pump. Both fluids undergo phase changes in this heat 
exchanger. For a mass estimate, the value quoted by Swanson et al. [1], 2.72 kg/kW, 
was used. The thermodynamic performance of the condenser is characterized by a 
pressure drop in each loop (heat pump and rejection loop) and a temperature 
difference between both sides. The temperature difference is set to 5 K, the same as 
for the acquisition side. Consistent with Case A, the pressure drop has to be small 
enough so as not to affect the heat pump's performance. A pressure drop equivalent to 
a 1 K temperature drop has been assigned to the condenser. 


Rankine-Cycle Analysis.-The cycle evaluation follows the same path outlined for 
Case A. The efficiencies and pressure drops of the heat pump components are also 
the same as in Case A. The COP as a function of the output temperature, T hjgh , was 
computed with a FORTRAN77 program using the fluid properties given by Reynolds 
[10], The implementation of this COP(T) in the spreadsheet was realized with an 
approximate analytical function. For each refrigerant, a fourth-order polynomial was 
fitted to the data computed with the FORTRAN77 code. The resulting approximation 
yields an error of less than 0.3 percent for output temperatures from T high - 320 K to 
Thigh - 390 K. Figure 10 shows a comparison between the real fluid model and the 
polynomial approximation, and Figure 11 presents the corresponding error analysis. It 
can be seen that the results are almost identical. 
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Figure 10. Comparison of COP from cycle analysis and approx- 
imation for Rif and R717 |T W . 270 K). 



Rejection Loop.-The decoupled r.jeclion loop would require a pump to oiroulate 
the coolant fluid. This pump and fh. power penalty associaied with it have to be 
incorporated into the mas, estimate and optimisation. The pump mass is estimated 


using a formula quoted by Dexter and Haskin [2], 
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r • i 0 - 75 

M pump - 5.61 [gg^J , 

where rti is the mass flow rate in pounds per hour and p is the density of the fluid in 

pounds per cubic foot. The power required for a liquid pump can be readily 
computed from 


W, 


pump 


APV 

'Ipump 


wlwe AP i, the pressure differential across the pump. V is the volume flow rate, and 
We is the pump efficiency. A conservative value, w . 0.25, as suggested by 
Dexter and Haskin [2] was used. The pressure drop was determined with the formulas 
presented for Case A. The pipe thickness is again determined based on the hoop 
Stress or 0.5 mm, whichever is larger. Masses included in the estimate are due to 
pipes, coolant, pump, and the power supply. The decoupled rejection loop does not 
affect the heat pump COP. The minimum mas, for the loop may be achieved by 
balancing pip. mass and the power penalty. This approach results in optimum mass 
when the pip. diameters are relatively small and the pressure drop is large. However, 
a large pressure drop in the vapor line would result in a large temperature drop, and 
this is accompanied by an increase in the radiator area and mass. While the pressure 
drop in the liquid line can be competed for by th. pump, i, the pressure drop gets 
large, th. pumping power will become significant and add to the total heat rejection 


toad. Therefore, the mass estimate for the piping has to be computed based on a 
limited pressure drop. Here, again, th. pressure drop Is specified in terms of an 
equivalent temperature drop and is set to 0.5 K in the vapor and 1.0 K in the liquid 
line. These values are chosen based on recommended design practice [12], The 


cooling fluid of choice is ammonia, which has already demonstrated its good 
performance as a heat transport fluid in CtK, A. The toxicity of ammonia will net be a 
concern in the rejection loop because it is outside the habitation modules. 



- 18 - 


In Case A. the piping mass was defined with the heat pump estimate because 
they are coupled. Assuming values for the radiator height and distance from the base. 
Case A yielded a mcdei where the piping owes depend, solely on ,h, rejection 
temperature. For Case B, a model that makes use of the decoupling of heat pump 
characteristics and th, rejection loop was sough,. For a given refrigerant and specified 
pressure drops in ,h. liguid and vapor lines, the rejection loop mass depends on three 
parameters: rejection hea, load, Q,.*,; rejection temperature. T^; and pipe length, 
Lr.ee,. Using ,h. thermodynamic prop*,., from Reyn,,* [I0 J, th9 mode| W>J 

implement in a FORTRAN77 code. Figure, ,2 end ,3 show results obtained with ,h. 
code. For us, with a spreadsheet, i, is desirable to obtain an analytical expression for 
-he mass. This was realized with a polynomia, tha, is second order in temperature, 
second order in height, and linear in rejection heat load: 


M, 


'piping 


* Z 1 

“ 21 a ijk T l LJQ k 

i-0 j-0 k-0 


The coefficients were determined with a leas, square error fit. The approximation is 

va"d ' n ' he ,0 "° Wln9 ra " 98: 340 K * * 380 K, 150 kW a ^ £ 250 kw , and 

100 m * Lr,^ s 400 m. The maximum error of the approximation is 3 percent. 

2.4 Radiator Considerations 

The function of th. radiator is to reject the waste he., from the base. Th, hea, 
re,ec, ed by ,h. radiator is given by 6 . Ar w(T? .„ t . w where £ is the emissivlty , 

,S ^ "" 9mCien0y ’ ^ T "*' radiator and sink , ampere, ure 

respectively. The estimated sink temple, ure for a vertically mounted radiator a, ,h. 

lunar base is 32, K [6], Most review* sources sugg«, . . 0 .8 and , . 0.7. Several 

estimates for the mass of a radiator are available in th, literature (1-3, 6 ,4-161 The 

™ss o, a radiator is taken to be proportion, ,o its area, and recent pub, ica, ions 



Qr# * ct ,k ' V1 ‘-reject W 

Figure 13. Mass of the rejection loop piping (vapor). 
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recommend a value of 5 kg/ m 2 for a one-sided radiator. The vertical radiator is two 
sided and hence a mass estimate of 2.5 kg/m* is assumed. Other values of specific 
mass of the radiator can be incorporated in the spreadsheet without difficulty. The 

heat to be rejected is the cooling load of the base plus the power consumed to operate 
the heat pump. 

2.5 Power Supply 

The heat pump consumes power in order to achieve the desired temperature lift. 
The capacity of the lunar base power station needs to be increased in order to account 
for this additional power consumption. It is reasonable to assume that the additional 
mass penalty would be proportional to the power supplied to the heat pump. A review 
of the literature shows that there is no consensus on the mass penalty [1-3, 6, 7, 17], 
The values quoted lately are in the neighborhood of 30 kg/kW for photovoltaic or 
nuclear units. This value will be used in our studies. It is, however, possible to 
substitute other values for the specific mass in the spreadsheet and perform the 
analysis without difficulty. 

2.6 Results 

The overall mass optimization was performed using a spreadsheet. The heat pump 
output temperature lift, and hence the radiator temperature, was varied, and the 
variations of the masses of the components and the TCS were computed using the mass 
models described in this report. For the coupled TCS configuration, Case A, the 
analyses were performed for two working fluids, R11 and R717. The overall TCS mass 
variation as a function of radiator temperature is shown in Figure 14(a). Similar 
analyses were performed for the decoupled configuration, Case B [Figure 14(b)], For 
Case B, R11 and R717 were used as the working fluids for the heat pump, but R717 
was used in the rejection loop due to its superior heat transport characteristics. 
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Figure 14. Overall TCS mass as a function of T fI ^ a 


When R11 is used as the working fluid for the heat pump, the optimal TCS mass is 
6108 kg at a radiator temperature of 371 K for the coupled situation, Case A. For Case 
B, the optimal TCS mass is 5940 kg at a radiator temperature of 362 K. The radiator 
mass. in Case B is higher than in Case A because of its lower operating temperature. 
Also, the presence of the heat exchanger between the heat pump and the rejection loop 
adds extra mass to the Case B scenario. In spite of these mass penalties, the optimal 
TCS system mass for Case B is lower than that for Case A. This is due to the large 
reduction in the rejection loop piping mass for Case B. When R717 is used as the 
working fluid in the heat pump, the optimal mass of the TCS is 5515 kg at a radiation 
temperature of 362 K for Case A. For Case B, the corresponding values are 6392 kg 
and 360 K, respectively. It is obvious that Case B is more massive than Case A, since 
the radiator temperature for Case B is lower and it also has an additional heat 
exchanger. The masses of the individual components for Cases A and B are shown 

graphically in Figures 15 and 16 for a range of radiator temperatures and are listed 
Tables 2-7. 

Among the cases considered, the R717 coupled TCS configuration offers the least 
mass, 5515 kg. The best decoupled configuration would involve R11 as the working 
fluid for the heat pump and R717 as the working fluid for the rejection loop. The 




IOC 
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mass and its components with radiator temperature for R717, Case A. 
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Table 3. Optimum component and TCS masses for Case A 
with R717. 


Acquisition Loop 
Cooling load 
Cooling temperature 

Qcool 

Tcool 

100 kW 
275 K 

Heat Pump 

Temperature drop, HX in 
Input temperature 
Output temperature 
Heat pump efficiency 
Compressor power 
Rejection heat load 
Evaporator specific mass 
Compressor specific mass 
Evaporator mass 
Compressor mass 
Heat pump mass 

ATuy. 

1 low 
T high 

COP 

w 

^reject 

m evap 

m comp 

Mevap 

Mconv 

Mhp 

5 K 
270 K 
362 K 
1.11 

90.2 kW 
190.2 kW 

2.72 kg/kW 
0.202 kg/kW 
272 kg 

18.2 kg 
290 kg 

Power Supply 
Specific mass 
Power penalty 

m power 

^powsr 

30 kg/kW 
2707 kg 

Rejection Loop 
Pipe mass 

M pip* 

278 kg 

Radiator 

Rejection temperature 
Sink temperature 
Fin efficiency 
Emissivity 
Radiator area 
Radiator specific mass 
Radiator mass 

^"reject 

T 

1 sink 

€ 

A 

m rad 

Had 

362 K 
320 K 
0.7 
0.8 

895.9 m2 
2.5 kg/m 2 
2240 kg 

System Mass 

Mtcs 

5515 kg 
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Table 6. 


S im R^7 C ° mPOnent a0d TCS maSSGS for Case 8 


Acquisition Loop 
Cooling load 
Cooling temperature 

Heat Pump 
Temperature drop, HX in 
Temperature drop, HX 0Ut 
Input temperature 
Output temperature 
Heat pump efficiency 
Compressor power 
Rejection heat load 
Evaporator specific mass 
Condenser/HX specific mass 
Compressor specific mass 
Evaporator mass 
Condenser/HX mass 
Compressor mass 
Heat pump mass 

Power Supply 
Specific mass 
Power penalty 


rf coof 


A Thx, 

'HX, 


AT;r in 


T ■ •'out 
'low 

^high 

COP 

W 

Q’OjOCt 

m evap 

m cond 

m comp 

M #vap 

Mcond 

Mcomp 

Mhp 


m 

M, 


Rejection Loop 
Liquid pipe mass 
Vapor pipe mass 
Pipe mass 


power 

power 


Mliquid 


M, 


M, 


vapor 


pipe 


Radiator 

Rejection temperature 
Sink temperature 
Fin efficiency 
Emissivity 
Radiator area 
Radiator specific mass 
Radiator mass 

System Mass 


^reject 
* sink 
V 
e 
A 


m, 


M, 


rad 


'rad 


M 


100 kW 
275 K 


5 

5 

270 

365 

1.06 

94.0 

194.0 
2.72 
2.72 

0.202 

272 

527.8 

19.0 
819 


K 
K 
K 
K 

kW 
kW 
kg/kW 
kg/kW 
kg/kW 
kg 
kg 
kg 
kg 


30 kg/kW 
2821 kg 


213.3 kg 
117.5 kg 
331 kg 


'TCS 


360 K 
320 K 
0.7 
0.8 

968.5 m 2 
2.5 kg/m 2 
2421 kg 

6392 kg 
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Table 7. Optimum component and TCS masses for Case B 
with R11. 


Acquisition Loop 
Cooling load 
Cooling temperature 

Heat Pump 

Temperature drop, HX in 
Temperature drop, HX 0Ut 
Input temperature 
Output temperature 
Heat pump efficiency 
Compressor power 
Rejection heat load 
Evaporator specific mass 
Condenser/HX specific mass 
Compressor specific mass 
Evaporator mass 
Condenser/HX mass 
Compressor mass 
Heat pump mass 

Power Supply 
Specific mass 
Power penalty 

Rejection Loop 
Liquid pipe mass 
Vapor pipe mass 
Pipe mass 

Radiator 

Rejection temperature 
Sink temperature 
Fin efficiency 
Emissivity 
Radiator area 
Radiator specific mass 
Radiator mass 


100 kW 
275 K 


AThx. 

5 

K 

AT Hx n 

T MX 0Ut 

Mow 

5 

270 

K 

K 

Thigh 

COP 

367 

1.14 

K 

w 

87.7 

kW 

Project 

187.7 

kW 

m evap 

2.72 

kg/kW 

m cond 

2.72 

kg/kW 

["comp 

0.202 

kg/kW 

^evap 

272 

kg 

^cond 

510.6 

kg 

^comp 

17.7 

kg 

m hp 

800 

kg 


^liquid 


I/ejact 

'sink 


30 kg/kW 
2631 kg 


193.5 kg 
104.8 kg 
298 kg 


362 K 
320 K 
0.7 
0.8 

884.2 m2 
2.5 kg/m 2 


System Mass 


5940 kg 
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optimal mass for this configuration, as stated earlier, is 5940 kg. In 

additional mass, the decoupled system is the preferred configuration, for 
cited in Section 2.3.2. 


spite of the 
the reasons 



CHAPTER 3. A THERMAL CONTROL SYSTEM BASED ON 
AN ABSORPTION HEAT PUMP 

The Rankine-cycle heat pump discussed in the previous section is an example of a 

work -driven heat pump (WDHP). The energy neectod to accomplish the temperature lift 

is provided as shaft work, usually by an electrical motor driving a compressor. There 

is a class of heat pumps that uses high-temperature heat instead of shaft work to 

remove heat from a low-temperature source. These heat-driven heat pumps (HDHP) 

can be attractive in a scenario where a high-temperature heat source is available (such 

process waste heat). Using this waste heat, the power penalty associated with the 

rk can be reduced. In the case of a lunar base, high-temperature heat may be 

available as a byproduct of a main electrical power unit, such as a nuclear reactor or a 

solar dynamic power plant. A SP-100 type nuolear rector operating a Bray, on cycle 

would provide, in addition to ,h, electric power, amste heat in the megawatt range a, 

temperatures of 600 to ,OCO K [18-20]. Even in a scenario where no such heat is 

available, high-quality heat can be generated using solar collectors. The heat 

generation of a solar collector varies with the Intensity of solar radiation in the same 

manner as the effective sink temperature of the lunar environment. Therefore, a HDHP 

using solar collector, is self-adaptive in the sens, that most energy is provided a, peak 
load. 

The schematic for a HDHP is given in Figure 17(a). Heat supplied from the source 

<Qs "“ * iS USed 10 lm a "»d (Qs. a at T c00 |) up to a higher 

temperature (T r .*,), where all heat (Q„^. ♦ is rejected. Analogous , o ^ 

WDHP, the coefficient of performance of a HDHP is given by 

COP - — waL 


^source 


Figure 17(b) show, how this heat pump can be divided into a heat engine, working 
be,We “’ T ™*'‘ and and dr ' vln 9 a heat pump between T CMI and T f8Acl2 . This 
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Radiator 


_ I Osourc* @T M 

High Temperature Q»urc* ©Tkhxc* i _ * 

Heat Source Heat Pump j 


HDHP. * Q^c, , 


Heat Engine 


a«x*@Tcc 

Low Temperature 
Heat Source 
{Acquisition Loop) 


Heat Pump Q'»«ct 2 @T ei#cl 2 


(a) Schematic of HDHP 


Qcooi@Tcoon 

(b) Modeled as Heat Engine 
Coupled to Heat Pump 


Figure 17, A heat-driven heat pump (HDHP). 

model can be utilized to derive the maximum efficiency of a HDHP. Ideally, both Ihe 
engine and the heat pump are Carnot cycles with 


^engine 


COPmp - 


and therefore 


Tsourca ~ Tau. 

1” cm ir/«« 


re]ect2 " * cool 


C0P HDHP * *l«ngjrw • COP^ - IsgUTCB ~ T reWH7t1 T e QO i 

•source T rej*ct2 ~ T coo| ' 

This mod., indicia, ihal he, could b. rejected a. iwo different tempera, urea I, , he 

d ~' 9ned 8 ~ ^mperature, and T_. and T« 

- fixed, liter, remain, tee choice of the source reiection tempereture, W 

Ch°o>i"9 T„ W1 ,Q wer the T,.^ would defect tee purpoc of ,h. he, pump, which 
is .0 elevate ihe temper,, ure c, rejected low-guality het The termuie given for 
CO Phdhp indices the, when the reatrictlon T rWet1 * T„* tt is applied, T,.* n . 
W yield. ,h. maximum performance. Therefore, th . comp,.,, system eperete, with 
a common rejection tempera, ure, aa shown in Figure ,7(a). For non-idea, engines and 
heat pumps, T r .* t1 . T,.^ still provides ihe best owrall performance, given the 

above restrictions. For this rcson, on. common rejection , empire win be assumed 
in the following discussion. 
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One example of a HDHP is the absorption heat pump (Figure 18). Heat rejection 
and acquisition work .War to the Rankin. cycle describe i„ th . previous chapter. 
Between states 1 and 2, th. refrigwant condense, and rejects heat. From state 2 to 
state 3. it I, throttled to lower pressure and Itan evaporated ( 3 - 4 ). The important 
difference from the Rankin, cycle is the absence of a power-consuming compressor. 
Instead, the refrigerant goes into solution with a carrier fluid in the absorber (4-5). is 

pumped up to the high-pressure level (5-8), and is then separated from the carrier fluid 
at the higher pressure by means o, he., addition <6-„ |„ lhe goner . tor A ra , ative , y 

weak solution is circulated back from the genera, or to the absorber (7-8). Th. power 
needed to pump the liquid is negligible compared to the compressor work o, Ihe 
Rankin, cycle. Th. amount of hea, span, to separate the solution in the ge„ er . tor is 
considerable. Hea, will be rejected from the condenser and from ,h. absorber Two 
fluids circulate in th. heat pump. On. is ,h. actual refrigerant! me Cher is a liquid 
used to absorb the refrigerant. Common pairs of working fluids are lithium bromide- 
water and ammonia-water. Th^e are many Cher possibfe pairs o, working fluids, bu, 

they are still in the research stages. In the following, both ammonia-water and lithium 
bromide-water systems will be discussed. 


QcooJ^Tcoa 

r-* 

Evaporator 

ITT 




Or*j*«2 @Teiacl 



Condenser 


Absorber 

Qrejact i @T r9l9et 



r 


Generator 




@T, 


source 


Figure 18. Schematic of an absorption heat 


pump. 
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3.1 Ammonia-Water Heat Pump 

Even tha Mtup o, an ammonia-water heat pump „ mor . oomplax (ha „ 

baste absorption pump presented in Figure 18. The additional eomplexity is due to the 

separation o, ammonia and water. „ an ammonia-water soiution is heated to ,h. two- 

Pbase region, the suiting vapor mixhtre genera,, y contains water in addition to 
ammonia. Even smai, fraction. o, water Mn tave . considerab , a ^ qr 

0OndenSer and ' VaPOra '° r " mperal — * ”«'• ■» 0.5 mas, percent water can 
cause a ,0 K drop in the condenser tempera*,.. Oephiegmators are used to rid the 
vapor mixture o, water, Th. incoming vapor ^ ^ ^ ^ ^ 

a condensate contain, mor. water than the original vapor mixture, and the remaining 
vapor contains a higher percentage of ammonia. 

figure 19 depicts a simple ammonia-water heat pump (thermodynamic states are 
enoted by numbers and the heat loads by capita, ietters,. „ will become apparent in 
ihe (cl, owing discussion why a three-stage dephiegmator is used. 

An enthalpy-concentration diagram o, the ih.mody.mtc processes is given in 
9 20. The dashed Imes denote the two-phase region at the low-pressure level 

,hS *" -^-pressure saturation iines. Constant-' 

-perature ieveis a, the high-pressure ievei are denoted by dotted lines. The so, id 

es mark a thermodynamic process corresponding to the setup shown in Figure ,9 

2 — “ - — — - ammonia, 

e Itqutd and the vapor Phases. The slate poi„, of the mixture is represented on 

* ,a9ram bV 11,0 S,ales °' lh ° Vap ° r and »"> liquid Phases are denoted by 
subscripts * and /, respeettveiy. For example, tor state , the concentration ot the 

hqutdmixture is obtained by the int^on o, th. iaottm™. with the saturated , iq uid 

” ^ "" C °“° n “ "**" ia — 7* Che intersection 

o. (he , so, berm with the saturated vapo Physica„y, iso|harm$ do „ ^ „ 

he saturation line, they are truncated here for clarity. 


Evaporator 


-^-x^ 


Condenser 


_Dephlegmator _ 7 

13 Stage 3 


11 Stage 2 


Absorber 


X X _ZL 

-*x— 

Mv 


Generator 7 


9 Stage 1 


Figure 19. Schematic of a simple ammonia-water absorption heat 


pump. 


m.n 


-saturation curves at ^ "| 

- saturation curves at p ' ' - , _ - " I 

— isothermais at p ^ 

10 20 30 40 eJ Ij * f I 

40 50 60 70 80 90 100 

Ammonia, Mass Percent c, 

flf: t „ ha,P K y - C ° nCentration diagram of an ammonia-water absorption cycle 
(state numbers correspond to Figure 19). p " cycie 
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The fluid circulating through ,he condense and the evaporator can be 
approximated aa pur. ammonia. In reality. I, is impossible lo achieve total separation 
bu, with proper design, the vapor duality can be high enough „ 99 . 9 mass percent) ,c 
lustity this approximation. System retirement, diet, ihe cooling td rejection 
temperatures, which in turn define their respective saturated pressure levels. p, ow and 
Phigh- Thus, states 1 to 4 are defined. 

At stale 5, Ihe strong solution leaving the absorber has lo be all liquid in order to 

avoid cavitation in ,h. pump. This implies lha, slat. 5 ha, to be a, or below ,he 

saturated liquid line for p ow in Ihe h-f diagram (Figure 20). Stale 5 also defines Ihe 

rejection temperature of the absorber. The mixture in the absorber has to be cooled 

down ,o state 5. This temperature would optimally be aqua, ,o ,h. condenser 

tempera, ure. Therefore, state 5 is located a, the interaction o, Ihe isothermal a, 

condenser tempera, ur. and Ihe saturated or subcooled liquid curve a, Plow . Figur e 

20. stale 5 is a, the saturated liquid curve. [The liquid in state 5 a, ,h. subcooled stale 

is shown in Figure 2, (a,,. „ & were chosen to be lower than shown in Figure 20 Ihe 

absorber rejection temperature would be higher, bu, the separation o, ammonia and 

water would require more energy and equipment. I, were higher, Ihe absorber's 

rejection temperature would be lower than Ihe conrtentar',. , h „, reducing Ihe overall 

system performance. The enthalpy change over Ihe pump is negligible. There, ore, 

state 5 ,s almost identical to state 6 in the h-( diagram (Figure 20). The slrong solution 
IS in a subcooled state at p^. 

Slate 7 has to be at Ihe same concentration as states 5 and 6 and within Ihe high- 
pressure Iwo-phase region. The position o, state 7 in Ihe two-phase region is 
proportional to th. hea, added to Ihe mixture th. gender. The choice o, ,h. 
amount of heat to be added to the mixture is illustrated in Figure 21(b). If heat were 
added until Ihe mixture is a, state 7'. then the concentration o, tee vapor mixture would 
be 7,. The purity o, the ammonia would be very low tor a practical system. I, 
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heat added in the generator caused the mixture to be at state 7", then vapor with 
higher ammonia concentration (7"g) would be produced, but the mass rate of vapor 
production would be small due to the small amount of heat added. The operating 
value of state 7 has to be in between 7' and 7" To determine the optimal amount of 
heat to be added in the generator, and therefore the optimal state 7, would require an 
elaborate multiple-parameter nonlinear optimization, which is beyond the scope of this 
investigation. 

The liquid left in the generator is throttled to p low (state 8) and returned to the 
absorber. In the first dephlegmator stage, the vapor is cooled from state 7g to 9 using 
cooling coils. The selection of state 9 follows an argument presented for state 7 
(generator), as can be seen in Figure 21(c). 

A thermodynamic analysis indicated that three dephlegmator stages are necessary 
in order to obtain a 99.9 percent ammonia concentration in the vapor mixture. The 
dephlegmator stages 2 and 3 work analogous to stage 1. The liquids at states 8, 10, 
12, and 14 and the vapor at state 4 are fed back into the absorber. Tables 8 and 9 
show a practical example for this cycle. The property values were obtained from the 
ASHRAE handbook [21], The data are for 1 Ib/s of ammonia flow in the evaporator 
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Condenser input 
Condenser output 


3 I Evaporator input 

4 ~ T 


20 


Absorber input 


20 


Strong solution out 


160 


Strong solution in 


160 


Two phase in generator 


7/ Weak solution out 


1 380 


h 

(Btu/lb) 


155 


540 


55 


$ m 
(%) (Ib/s) 


99.9 1.000 


50 


50 


50 


99.9 1 .000 


99.9 1.000 


99.9 1.000 


25.0 29.594 


55 


500 


440 


500 


25.0 29.594 


25.0 29.594 


8 Weak solution in 


In P ut dephlegmator stage 1 


380 


Two phase in dephlegmator stage 1 


880 500 


260 255 


9/ Output solution dephlegmator s tage 1 260 145 

10 Throttled solution dephlegmator sta ge 1 260 145 

9 j 0ut de P hle gmator stage 1, in stage 2 260 

^ Two pha8a ln dephleg mator stage 2 
Qutput solution dephleg mator stage 2 
12 Throttled solution dephlegmator stage 2 


500 


500 


50 


Hg Out dephlegmator stage 2 , in stage 3 
13 Two phase in dephlegmator stage 3 


13/ Output solution dephlegmator stage 3 


630 


500 


17.0 23.819 

17.0 23.819 


58.0 5.774 


58.0 5.774 


47.0 4.504 


47.0 4.504 


500 


500 


120 


50 


163 


140 500 


140 


50 


97.0 1.270 


97.0 1.270 


82.0 0.181 


82.0 0.181 


99.5 1.089 


99.5 1.089 


95.0 0.089 


95.0 0.089 


■Tha stale point numb.™ correspond to those given in Figure 20. 
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Table 9. Heat loads of the components of an ammonia- 
water absorption cycle. 



Description 

Q 

(Btu/lb) 

T|0W 

(F) 

T «" 

A 

Cooling load 

385 

20 

20 

B 

Absorber rejection load 

7341 

160 

380 

C 

Generator load 

11195 

160 

380 

D 

Dephlegmator stage 1 rejection 

3628 

260 

380 

E 

Dephlegmator stage 2 rejection 

158 

180 

260 

F 

Dephlegmator stage 3 rejection 

53 

163 

180 

G 

Condenser rejection 

400 

160 

160 


and condenser (they are in British units, as in the handbook). The overall efficiency is 

COP - — Ssfifil — _ 0.0344 . 

^generator 

Even with an optimization of the positions of states 7, 9, 11, and 13, major 
improvements do not seem feasible. 

There is, however, a potential for slight improvement by reusing heat within the 
heat pump, i.e., using recovery heat exchangers to reuse the heat. Waste heat can be 
recovered gainfully when it is available at a high temperature. However, when a small 
amount of heat is involved, such as from the stage 3 dephlegmator, the associated mass 
penalty of the recovery heat exchangers makes its reuse worthless. Therefore, a new, 
improved heat pump (Figure 22) was considered. In order to reduce the rejection load 
of the absorber, the fluid leaving the pump is preheated by the fluid leaving the 
generator. Thus, the fluid entering the absorber from the generator is noticeably 
cooler. A second preheater uses the rejection load from the first dephlegmator stage. 
The modified system was evaluated based on the results shown in Table 8. For an 
ideal heat exchanger (T^ - T^ ), 5835 Btu/s can be transferred in the first preheater 




- 39 - 



Figure 22. Schematic of an ammonia-water absorption heat pump 
with internal heat reuse. 


and 1501 Btu/s in the second (here, T* - T g/ ). The COP of this improved heat pump 
increases to 0.0998. Due to the very low COP of the ammonia-water absorption heat 
pump, a mass analysis has not been performed for the system. 

3.2 Lithium Bromide-Water Heat Pump 

A common absorption system for terrestrial applications uses a lithium bromide and 
water mixture. Similar to the ammonia-water system, the compressor work of the 
Rankine cycle is replaced by heat-operated pressurization processes. The lithium 
bromide-water system is popular because of the relative ease with which the 
refrigerating fluid (water) can be separated in pure form from the carrier fluid (lithium 
bromide). The basic principle of operation of the cycle is similar to that of the 

ammonia-water system described earlier. A brief description of the components and 
processes follows. 

Figure 23 depicts a schematic of a lithium bromide-water absorption heat pump. 
Here, superheated steam at high pressure (state 1) leaves the generator and condenses 
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Figure 23. Schematic of a simple lithium bromide-water absorption heat pump. 

to saturated liquid in the condenser (state 2). The liquid is subcooled in the precooier 
(state 3) and expands in the valve to form a low-pressure liquid-vapor mixture (state 4). 
This mixture absorbs the heat to be removed and forms saturated vapor at low pressure 
in the evaporator (state 5). The vapor absorbs heat in the precooler to form 
supersaturated vapor (state 6) and then enters the absorber. 

In the absorber, the supersaturated steam mixes with the high-concentration 
(strong) lithium bromide-water solution (state 12). The concentration of the solution is 
changed to state 7. The heat of condensation and heat of solution are removed from 
the absorber using cooling coils. The low-pressure solution is pumped to higher 
pressure, and the subcooled solution absorbs heat in a recovery heat exchanger. The 
weak solution enters the generator, where heat is added in order to separate pure 
steam from the solution. The strong solution (state 10) rejects heat in the heat 
exchanger, expands to low pressure in a valve, and re-enters the absorber, thus 
completing the cycle. 
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In the cycle just described, the cooling-load heat is absorbed by the evaporator, 
and is raised to a higher temperature and rejected by the condenser. In order to 
achieve this end, high-temperature heat is supplied to the generator. In addition, the 
cycle mandates that the heats of condensation and solution be rejected from the 
absorber. A detailed cycle analysis follows. 

The system depicted in Figure 23 can be completely defined thermodynamically if 
the following parameters are specified: (1) Q coo(> the cooling load; (2) T coot , the 

acquisition temperature of the cooling load; (3) T^, the generator operating 
temperature; (4) $ atrong , the concentration of the strong solution; and (5) | weak , the 
concentration of the weak solution. In other words, for a given capacity (Q coo) ), the 
designer of the system has four degrees of freedom. In the case of a TCS for the lunar 
base, as with most TCS applications, T cool is specified based on the application-270 K 
for lunar base needs and 280 K due to working fluid restrictions for this system. For 
the LiBr-water system, the initiation of crystallization sets an upper bound on £ strong . 
Hence, the degrees of freedom are reduced to two, viz., | waak and T gen . It would be a 
straightforward process to generate the COP of the system as a function of these two 
parameters. However, from a TCS design perspective, it is desirable to obtain COP as 

a function of the rejection temperature, T high . The following procedure is adapted in 
order to attain this relationship. 

Figure 24 shows the variation of COP with | wak , the weak solution concentration, 
for generator temperatures of 500, 600, and 700 K. It can be seen that the weaker the 
concentration, the better the COP of the system. Hence, for better performance, it is 
desirable to operate the cycle with the weak solution concentration as low as 
permissible. The variation of T hiflh with W for generator temperatures of 500, 600, 
and 700 K is shown in Figure 25. It can be seen that there is a one-to-one 
correspondence between ? waak and T high in the region of $ waak * 60%. As 
demonstrated in Figure 24, it is preferable to maintain | w#ak as low as practical. 
Hence, in the region of interest, we express | w#ak as a function of T high for a given 
T C oo( af id Tg^,. In other words, COP can be specified in terms of T high and T^. 



Figure 24. Variation of COP with ^ ak (T^ - 500, 600, and 700 K). 



Figure 25. Variation of T hjgh with £ WMlk (T^ - 500, 600, and 700 K). 
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Figure 26 is a plot of the COP as a function of T„, for T Bljn . 360-400 K (T„„ . 

) If can be seen that, for any given there is a distinct maximum for the 

OOP. In this analysis, we have assumed that the value corresponding to this 
maxima is a feasible value for the cycle. It is simple to verify this assumption, once 
the cycle analysis is completed using the value. If w. pick these maximum value, for 
Tg„ from Figure 26, then the COP can be computed as a function of T Bigh alone. 
Using the technique described above, the COP values ere computed for a few rejection 
temperatures in the rang, of 360 to 400 K. It is found that a linear fit can be obtained 
for the computed values, as shown in Figure 27. The cycle analysis and mass 
estimates are now performed with the radiator temperature (T^) as the free variable. 
The COP values used for the mass analysis are obtained from Figure 27. 


In the analysis, a common rejection temperature has been assumed for the 
absorber and condenser. The validity of this assumption ha, been discussed in an 
earlier section. I, shculd also be noted that, since water is used as the coolant in the 
system, it is no. possible to opiate this TCS with a T eool of 270 K. T IOOI . 280 K has 
been assumed for this analysis. This increased acquisition temperature may be 
unacceptable for some sensor cooling needs in the base. Similar to Case B for the 
Rankine-cyde TCS, ,h. condenser is decoupled from Ih. rejection loop. Such a 
decoupling would allow the designer to operate multiple heat pumps (with potentially 
different values for T m) and connect them to a common rejection loop. From both 
control and safety perspectives, a decoupled system is better. It is also possible to 
use a better working fluid, ammonia, for the rejection loop with the decoupling. 

The sp«i,ic masses of ,h. various abrarption cycle component, are no, readily 
available. However, the major compomsnts of th. he., pump (evaporator, condenser, 
absorber, generator, precooter. and recuperator) can all be approximated as hea, 
exchangers and their masses estimated based on the rate of heat transfer occurring 
inside them. Such an approximation, though simplistic, would provide a mass estimate 
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that would benefit this cycle, since it would underpredict the mass of the components. 
Hence, it could be called an optimistic mass estimate. 

At this juncture, the heat loads to all the components need to be estimated in order 
to predict the mass of the heat pump. Table 10 provides a complete cycle analysis for 
T high - 360, 380, and 400 K. This analysis provides the heat loads to all the heat pump 
components. The mass of the components can be computed by multiplying the heat 
loads by the specific mass of the heat exchangers (2.72 kg/kW in this case). 
Intermediate values can be computed numerically in exactly the same manner. Rather 
than computing the heat loads at every rejection temperature by means of the laborious 
cycle analysis, a simpler scheme was devised using the following arguments. From 
Table 10, it can be seen that the heat input to the generator and evaporator equals the 
heat rejected at the condenser and absorber. This can also be seen easily from Figure 
23, by performing an energy balance for the system. Hence, 

Q «vap + Qgen - Q C ond + Qabs • 

Equivalently, 

Q «.p + a,., + Q cww ♦ a,b. - 2(0„,„ * Qg*,) - 2Q COOI Jt + glJ , 

The amount of heat recovery that occurs in the recuperator and precooler can be 
determined by performing a cycle analysis as shown in Table to. The sum of the heat 
loads in the recuperator and precooler will be termed the internal heat load, 0 „. The 
internal heat loads at T BI „ of 360, 380, and 400 K are listed, along with O^, in Table 
11. An effort was made to see if a simple proportionality constant existed between 
Qg*, and Ova > Qnt ■ k ■ Qg*,, The values ot k are also listed in Table tl. It can 
be seen that no simple constant can be used for the range of interest. It was found, 
however, that the value of k did not change appreciably for small variations in T BlgB . 
Hence, the approach used to calculate O m was to determine k for a narrow rang, of 


Table 10. LiBr-water absorption heat pump cycle analysis. 
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8 State numbers correspond to Figure 23. 
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Table 1 1 . Internal heat loads in a LiBr-water system. 



"Hugh 

IK] 

^cooi 

[kW] 

^int 3 

[kW] 

Qg«i 

[kW] 

K _ ^internal 

Qgen 


360 

100 

124 

149 

0.832 


380 

100 

210 

164 

1.280 


400 

100 

383 

187 

2.048 


a Q(nt ” Qrec + Qpre- 


T hjgh and use that value. The total heat loads are therefore given by 
^total * Qevap + Qg*n + Qcond + Qabs + Qjnt 

” 2®c°ol ^ + qop] + ^ 

■ °coo< (2 + yj]. 

where k is determined for a narrow range of T high . For example, at T high - 400 K, k - 

2 and Qtotai - Qco<x(2 + 4/COP). The simplified mass of the heat pump is determined 
as 

Mhp - (2.72 kg/kW) • Q tota| . 

3.2.1 Transport Loop from Source to Heat Pump 

The transport loop connects the high-temperature heat source (such as waste heat 
from a power plant) to the heat pump and differs from the rejection loop of the Rankine 
cycle discussed previously in the following aspects: 

1. Waste heat may be available at a temperature higher than the generator 
operating temperature. The loop need not be close to isothermal, therefore, 

and superheating and subcooling of the transport fluid may be permitted, 
instead. 
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2. The transport loop will operate at much higher temperatures than typical 
rejection loops. Since ammonia is not suited for temperatures that will be in 
the range of 500 to 1000 K, water, which has a high enough critical 
temperature, has no toxicity, and has a large latent heat capacity, can be 
substituted for the ammonia. 

In the mass estimate, the mass of the tubes, the fluids in the tubes, a pump, and the 
power penalty associated with the pump are included. The operating conditions are 
defined by the waste heat source temperature, the generator temperature, and the 
pressure in the loop. The saturation pressure of the transport fluid at generator 
temperature provides the largest enthalpy difference for given supply and return 
temperatures. This yields the lowest mass flow rate and also the lowest overall mass. 
It is possible to pressurize the loop even higher in order to reduce the density of the 
steam in the supply line and therefore the size of the tubing, but the decrease in 
available enthalpy difference, as well as increased tube thickness, increases overall 
mass. The length of the piping, which is the distance between the waste heat source 
and the heat pump, is assumed to be 500 m. This distance is chosen for safety 
considerations, as the source will most likely be a nuclear reactor. The tube diameter 
is optimized with respect to overall mass. If the tubes are too small, the pump mass 
will become too large. If they are too large, the pipes will be too heavy. In all cases, 
the overall pressure drop in the piping is restricted to a maximum of 10 percent. Table 
12 gives an example of a piping layout. The model shows low sensitivity to the 
available source temperature and operating pressure, as long as the pressure is above 
saturation pressure at generator temperature. The mass model can be linearized for 
use in the overall TCS optimization: 

^s.ioop “ 2.9 kg/kW • Q sourc * . 
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Table 12. Piping data for the rejection and heat source transport loops. 


Loop 

rejection 

heat source 

Refrigerant 

R717 

R718 

Heat load (kW) 

490 

390 

Length, one way (m) 

556 

500 

Pressure (MPa) 

6.61 

9.5 

h, - h f (kJ/kg) 

697.5 

2370.4 

Mass flow rate (kg/s) 

0.70 

0.165 

State of fluid 

liquid 

gas 

liquid 

gas 

Temperature (K) 

376 

376 

570 

900 

Vicosity (kg/ms) 

0.645e-4 

0.131e-4 

0.91 Oe-4 

0.336e-4 

Density (kg/m 3 ) 

448.8 

59.4 

721.7 

23.82 

Volume flow rate (m 3 /s) 

1 ,565e-3 

1.183e-2 

2.280e-4 

6.908e-3 

Reynolds number 

345000 

1011000 

119000 

130000 

Inner diameter (mm) 

40 

68 

19.4 

48.0 

Velocity (m/s) 

1.23 

■KB! 


3.83 

Friction factor 

0.0141 

0.0116 

0.0174 

0.0170 

Pressure drop (MPa) 

0.665 

0.304 


wmw 

Wall thickness (mm) 

mm 


1.15 

sail 

Mass tubes (kg) 

326 

928 

97.8 

599.5 



119 

106.1 

21.5 

Pump mass (kg) 

29 

1 

9 

Power penalty (kg) 

432 

258 

Overall mall (kg) 

2282 

1130 

Specific mass (kg/kW) 

4.66 

2.90 
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The proportionality constant is obtained using reference conditions close to 
optimum for the overall TCS mass (Q sourc , - 190 kW, T sourc , - 700 K, - 641 K, 
P - 9.5 MPa). 

3.2.2 Rejection Loop 

The mass model for the rejection loop has been discussed in detail for the 
Rankine-cycle heat pump decoupled from the radiators. It has been linearized for 
use in the overall TCS mass optimization. In order to minimize the error 
committed with this linearization, the conditions for the reference computation are 
iteratively adjusted to the minimum overall TCS mass conditions. This guarantees 
that the most important result of the optimization, which is the minimum overall 
mass, is consistent with results for the Rankine-cycle TCS. The mass of the 
rejection loop is 

Mr .loop ” 4.66 kg/kW • Q^j^t . 

A sensitivity analysis showed that the variation in specific mass is minimal with 
modest variation in optimal working conditions. Table 12 presents data for the 
piping at the mass optimal reference condition. 

3.2.3 Radiators 

The mass model for the radiator was discussed in detail in a previous 
section. The parameters for the model are the same as for the Rankine TCS and 
are summarized in Table 13. The mass of the radiator rejecting Q S0(jrc# at T sourc# 
would be a part of the power supply radiator under normal circumstances. When a 
TCS utilizes this heat, as in the case of the HDHP, the mass of the power supply 
radiator is reduced by a quantity proportional to Q sowc# . This is accounted for in 
the TCS optimization for the HDHP. 
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Table 13. Radiator parameters. 


Sink temperature 

T sink - 320 K 

Emissivity 

e - 0.8 

Fin efficiency 

r) - 0.7 

Specific radiator mass 

m rad - 2.5 kg/m 2 


The variation of TCS mass with the radiator temperature is plotted in Figure 28. It 
is noted that the minimum TCS mass of about 6000 kg is at 396 K. The component 
masses for this optimal case are listed in Table 14. It must be recalled that the 
following assumptions were made in the mass calculations: (1) The actual hardware for 
the heat pump was approximated as heat exchangers, thus underestimating the mass of 
the components. (2) In addition, it has been assumed that no pressure drops occur in 
the components of the heat pump. This, again, causes an underestimation of the mass 
of the heat pump. (3) The use of water as the refrigerant restricted T cool to 280 K. and 
the mass analysis was performed using this value rather than T cool - 270 K as for the 
Rankme cycle. (4) No mass penalty has been assigned for the heat source. For these 
reasons, it is concluded that the Rankine cycle described in Chapter 2 would be a 
more optimal cycle than the absorption cycles described here. 



Table 14 . Optimum component and TCS masses for a 
LiBr- water absorption heat pump. 





REFERENCES 


1. T. D. Swanson, R. Radermacher, F. A. Costello, J. S. Moore, and D. R. Mengers, 
"Low-Temperature Thermal Control for a Lunar Base," SAE Technical Paper 
901242, 20th Intersociety Conference on Environmental Systems, Williamsburg, 
Virginia, July 9-12, 1990. 

2. P. F. Dexter and W. L. Haskin, "Analysis of Heat Pump Augmented Systems for 
Spacecraft Thermal Control," AIAA Paper 84-1757, AIAA 19th Thermophysics 
Conference, Snowmass, Colorado, June 25-28, 1984. 

3. B. Drolen, "Heat Pump Augmented Radiator for High Power Spacecraft Thermal 
Control," AIAA Paper 89-0077, 27th Aerospace Sciences Meeting, Reno, Nevada, 
January 9-12, 1989. 

4. B. Penswick and I. Urieli, "Duplex Stirling Machines," SAE Paper 849045, 19th 
Intersociety Energy Conversion Engineering Conference, San Francisco, California, 
August 19-24, 1984. 

5. F. C. Chen, E. G. Keshock, and R. W. Murphy, "Testing of a Stirling Cycle Cooler," 
The Winter Annual Meeting of the American Society of Mechanical Engineers , AES- 
Vol. 8, SED-Vol. 6, pp. 49-55, ASME, New York, 1988. 

6. M. E. Ewert, P. P. Petete, and J. Dezenitis, "Active Thermal Control Systems for 
Lunar and Martian Exploration," SAE Paper 901243, Advanced Environmental/Thermal 
Control and Life Support Systems, Publ. SP-831, pp. 55-65, SAE, Warrendale, Pa., 
1990. 

7. G. A. Landis, S. G. Bailey, D. J. Brinker, and D. J. Flood, "Photovoltaic Power for a 
Lunar Base,” Acta Astronautica, Vol. 22, pp. 197-203, 1990. 

8. R. D. Waldron, "Lunar Base Power Requirements, Options, and Growth," 
Engineering, Construction and Operations in Space 2; Proceedings of S pace’90, Part 2, 
pp. 1288-1297, 1990. 


- 54 - 



- 55 - 


9. P. F. Dexter, R. J. Watts, and W. L Haskin, "Vapor Cycle Compressors for 
Aerospace Vehicle Thermal Management," SAE Paper 901960, presented at the 

Aerospace Technology Conference and Exposition, Long Beach, California, October 
1-4, 1990. 

10. W. C. Reynolds, "Thermodynamic Properties in SI," Dept. Mech. Eng., Stanford 
Univ., Stanford, Calif., 1979. 

11. H. Meitz and M. Sottmann. "FORTRAN77 Library to Compute Real Gas Properties.™ 
Univ. of Arizona, Tucson, 1992. 

12. Carrier Air Conditioning Company, System Design Manual, Syracuse, New York, 
1972. 

13. Engineering and Configurations of Space Stations and Platforms, Noyes Publications, 
1985. 

14. L. Guerra, "A Commonality Assessment of Lunar Surface Habitation," Engineering, 
Construction and Operations in Space; Proceedings of Space 88, pp. 274-287, 1988. 

15. M. Olszewski and U. Rockefeller. "Heat Pump Augmented Radiator for Low- 
Temperature Space Applications,: 

16. 0. Grossman, "Heat Pump Systems tor Enhancement of Heat Rejection from 
Spacecraft," Journal of Propulsion, Vol. 6, pp. 535-644, 1990. 

17. E. J. Roschke and L. C. Wen, "Preliminary System Definition Study for Solar 

Thermal Dynamic Space Power Systems," Technical Report D-4286, JPL, Pasadena, 
California, 1987. 

18. L. L. Begg and E. H. Engdahl, "Advanced Radiator Concepts." Proceeding, of the 

24th Intersociety Energy Conversion Conference, Washington. DC. August 6-11, 1989. 
pp. 75-80. 

19. M. P. Moriarty and W. R. Determan, "SP-100 Advanced Radiator Designs for 
Thermoelectric and Stirling Applications," Proceed of the 24th Intersociety 
Energy Conversion Conference, Washington, DC, August 6-11, 1989, pp. 1245-1250. 


- 56 - 


20. E. Trujillo, E. Keddy, and M. Merrigan, "Design and Demonstration of a High- 
Temperature, Deployable, Membrane Heat-Pipe Radiator Element," Proceedings of 
the 24th Intersociety Energy Conversion Conference, Washington, DC, August 6-11, 
1989, pp. 1891-1895. 

21. ASHRAE Handbook 1989 Fundamentals, ASHRAE, New York, 1989. 



Heat Pupp .. Based Thermal Mana g ement for a Lunar Base 

by 

Theodore D. Swanson 
NASA/ Goddard Space Flight Center 
Greenbelt, Maryland 
and 

K. R. Sridhar and Matthias Gottmann 
University of Arizona 
Tucson, Arizona 


ABSTRACT 

____ ?«i >a /v, lne ^ riC an3l y sis is performed to determine the optimum 
mass for a heat pump based thermal control system for a Lunar Base. 

IIS 1 *?*? 8 in £ lude the use or lack of an interface heat exchanger, 
and different operating fluids. The results indicate a relatively 
small sensitivity of system mass to these variables, with optimized 

sensi^J?^ ght V S of about 6000 k< 3 for a 100 kW thermal load, 

als^addr^ °d SyStem mass to r ^ dia tor rejection temperature is 


INTRODUCTION 

an acceptable level of thermal control is a 
2^5 of Jr en OV3rlooked function of any spacecraft or space 
ba ®® d f acillt y* For modern spacecraft, thermal control is primarily 
j e ® wherein excess heat must be removed from various 
locations and rejected to space. The larger and more complex the 
S a f e ^ t/s P ac ® facility, the more difficult this task. Ivtr Si 
past three decades a variety of equipment has been developed to 

a11 P revious applications, a thermal 
available colder than the equipment being cooled has been 

available to facilitate this heat transfer. Since all heat 

different! space must uitimately be via radiation, a temperature 
differential of about 40 c between the source and the sink is a 
practical minimum in order to keep radiator areas reasonable. 

^K na T Bas ® presents a unique thermal control problem. 1 ' 2,3, 4 

day the effective thermal sink temperature 
n ge t quite hot. For example, for a base located in the 

(alno ® t , a11 desired locations fall within this 
fin K d u f ing conventional radiators (with an emittance of 0.8 
28 d °c for S ^J? nC * 2 k °% 28 > the effective sink temperature is above 

hLt 2 3 Unar day * 71113 is ****** tl >an the waste 

heat rejection temperature of approximately 3 <c for the manned 

compartments end many of the instruments and equipment. The high 

^ook e ^ ^ e K reS KK ltS fr ° m the fact that a conventional radiator 
arsT th2™^ 1v lth i r * ? e sun and/or the lunar surface, both of which 
are thermally "hot". Hence, direct rejection of moderate 
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temperature waste heat to the environment is impossible as the sink 
temperature is hotter than the source. During the early and late 
portions of the lunar day direct heat rejection is generally 
impractical due to the large radiator size needed. Hence, a new 

type of thermal control system is necessary in order to enable a 
Lunar Base . 


PROBLEM STATEMENT 


Several solutions to this problem have been proposed. 1 ' 2, 
These have included; 


i) heat pumps to raise the waste heat rejection temperature 
above the effective thermal sink temperature, 

11) innovative parabolic radiators which would have a lower 
effective sink temperature by avoiding direct views of the sun 
or lunar surface, and 

iii) the use of the lunar regolith as a heat storage medium. 


Unfortunately, none of these proposed solutions is available 
off-the-shelf technology, in addition, the performance of each 
concept is dependent upon the lunar environment, which is largely 
unknown. The use of the lunar regolith concept would require 
detailed knowledge of the regolith properties at the chosen 
location. This knowledge can only be obtained from on-site 
measurements, and there is very little such data currently 
a ^ aila k.' The parabolic radiator concept appears quite 

ettrective if the assumptions with regard to radiator/ref lector 
surface properties are correct. ' ’ However, the environment around 
a Lunar Base might be very contaminated. Fine dust kicked up from 
operations could be a major concern as it could radically affect 
the performance of the radiator surfaces. The heat pump concept is 
also somewhat dependent upon contamination of radiator surface 
properties , but much less so than the parabolic radiator approach. 

as ^ least dependent upon the unknown environmental 

variables it has the least risk. Thus, a heat pump based system is 

at . le ff?. £or the initial phase of operations. 
Figure l depicts a simplified schematic of this concept. 
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Figure 1 : Heat Pump Based Thermal Control System 
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Weight i3 a critical parameter for all spacecraft. Current 
cost estimates are on the order of $10,000 per kilogram for launch 
to low earth orbit (LEO) . Transportation from LEO to the lunar 
surface would incur additional costs. Volume is also an issue, but 
not to as great an extent. Hence, mass is typically a major driver 
in selection between technological options and will be treated as 
the prime determinant in this study. 

r,J!^!iL e ? a r en ^ ly manned Lunar Base in its initial configuration 
is projected to have from four to eight astronauts and require 
perhaps 100 kw of electrical power. ^ The power may come a 

photovoltaic/ battery and/or fuel cell system, or a nuclear 
generator ^juch as the SP-100. Any high temperature (greater than 
a ? ut waste heat generated by the power system could be 

rejected directly to the environment. The electrical power 

consumed by the base for operations must eventually degrade to 
moderate temperature (approximately 3 *C) waste heat. it is this 
low grade heat which will be the most difficult to reject. 

K dif ferent typp of heat pump based thermal control 
fjj n b ® envisioned. it is possible to have one or more 
i buss ? s Wlth heat Pumps located at the radiator. 
Vely lfc i 1S possible to have a ®°re distributed system 
PU “ PS -l° Cated at the load cente «. In addition, a hybrid 
"° nC h ept . 1S , P ° SSlble * Tb ® heat pumps could be electrically driven 
possible. driVen * Various operating thermal cycles are also 

.. Besed on previous studies it appears that a single central 
ST? a L bUS Wlth e i ectr i ca iiy driven heat pumps located either 
bb ® i° ad sources or at the radiators makes the most sense from a 

?hi 9 hll?- raCtiCallty -. ® tandpoint - When located at the load centers, 
the beat pumps would tend to be smaller (5 to 15 kW) and more 

would^tend tf^i heat pU * ps lo ® ated ab the radiator! 

n JS, be 1 1 . arg ®. r or 100 kw >- It should be noted that 

™ desfonf application differences might suggest different heat 

disadvantaoo« u concepts have their respective advantages and 
disadvantages. However, when comparable levels of reliability at 
the component level are applied, their specific system nasses^re 

the%entraV f or the podular option versus 133 kg/kw for 

at pu “ p option. 1 The smaller modular heat pumps 

c^?ra? Sitt Ve a H( i° Wer C0 !f fiGi ® nt : of Performance than the larger 
kind of h«m i However, the modular concept does have a second 

in reliablll ty. Even if the primary and back-up 
modular heat pumps serving a load center were to both fail, such a 

unit^could 1 ^ 0 ^ 17 affe ° t .tbat load center, in addition, similar 
units could be scavenged for spare parts if necessary. 

APPROACH 

aDolicatinn^^^^f . Up ° n ®* isti ng studies of lunar heat pump 
1 A detailed Study was conducted to optimize a lunar 

w^«L C ^ tr0 i K SyStem ba ® ed on a Rankine cycle heat pump. This is 
premised upon the assumption that Rankine cycle heat pumps are the 
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JS? 1 ®* tu f e and reliable machines available in the sizes (5 to 100 
kW) and temperature regimes (3 to 90 V C) of interest for th? 

Syste ” concept : 3 are defined, and weight and perfcLSce 
p ameters are developed for each major component including the; 

* heat pump evaporator 

* heat pump condenser 

* heat pump compressor 

* plumbing 

* radiator 

* refrigerant 

* power penalty 

f Sc" iC T™ e \e°at id ^ anHaSiation “^ge^the^afL “oulTbe 

s^^ssft. swsx rssa s*i2L5Ssrss ssss.— ^ 

electrical i innu? ni mnci ”! ass exci ^ an 9 e with the lunar environment, all 
ho e?Je 1 i n P ut : . must degenerate into waste heat. There will also 
be some metabolic waste *- u ~ * , wliI aj - so 

niMm ri ' Z ^°Tf W '' 11 acquire and transport waste heat to the heat 
£ -P* +. +. Ifc 1S assumed that this waste heat will all dearade to a 

F” single *Rankine 

SS £ fh e e 

radiator are thn. n ^°®P* ^he heat pump condenser and 

savings This also ■ ® devi , c . a ' wi th a consequent weight 

SB ££?*£ • aS^J£2M 

SKST l3 This er l e B C r ted the he a pump tiiSETSduE 

£ ns Vr 3 * 2 sj^i^Ubant^advairtages^ith 3 regard ^o 

i -t as » ir ^ow^s^i^d^ ^1“ £ 

sldf ' thr^^ 11 . 1 ^^^ anC ^ as 3 ioss of refrigerant one 
s?mpU?Ied i0n Th°i f s r f e eaT danCY a " d «P a "° Pr^eSres^woSw* thus^te 

2a&“t»?i2ga."g aassa^sjr" ““ a **• 

A variety of refrigerants are possible. Each will have its 
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Enthalpy [kJ/kg] 

Figure 2: Represenative Basic Rankine Cycle (for Rll) 
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Figure 3: Schematic Diagram for Case A 



Figure 4: Schematic Diagram for Case B 







fit WOfi 


own performance characteristics uh-s^K l 

on system weight, in order to evaluate ^hV« ha J? a direct bearing 

refrigerants were evaluated; am»onlt ,R 7 l 7) tnl , tW ° diffarent 
(Rll) . ' nAa (R/ 17 ) and a common Freon 


ANALYSIS 

mass (mass as a f unctiof of\wfi^ farfa^fl Weigbt ' a specific 
each major system component Ixceot for a P^ity) was identified for 
mass for the plumbing P is not sofei v °L th ®. SY * tem Plumbing. The 
rejection loads, it 7s computed fo^eacT ° n th ® CO ° lin ^ ^ 
in the following section. The charfctet?!^-° f th % CaSeS as desc ribed 
also discussed below. aracteristics of each component are 

Heat Pump 

enthalpy dVa^M^^Pro^s^^^t^V’ 1700 '? 3 - in a P ressure - 
compressed in what is ideaiiv a ^ 2 . the refri 9 e rant vapor is 

is nonisentropic due to u&AX ^entropic process, but in reality 

overall compre^or Itt iciency S 2Si“n. a 3 d f luid fricti °n- . The 
electrical, and controller efficiencies and'thp mechanical, 

state-of-the-art aircraft cvvr,™.Jl CleS a ^l the f luid frictlon - F °r 

<W,-M*<W-ftW<u.-M»,and -ov^ The overaTl 5 f f ^ iencies are - 
about 61 percent, it is assumed efficiency is thus 

located outside the condition^ COIn P resso ^ would be 

radiation for heat refection ll ^ th ^ rel * pr Warily on 
assumed that all the energy supplied to ?he° Ul b ® sma11 ' is 
compress and heat the refrigerant* * * th corn P res sor is used to 

kg/kW^r^ectfof ”otd)° f ^hiT^reorese f assumad to be 0-202 
aeronautical machine of a somewhat re P res ents a high efficiency 

study, this specific mass was assuLd ^K ai2e ' Por this initial 
heat pump size or refrigerant selection 0 ? h constai ?f re ^srdless of 
evaporator is assumed to be 2 72 to/£2 * T ^ s P ecif ic mass of the 
For Case B which has a sensei ^ 9/ 5 based . on Previous efforts. 1 
likewise estimated to be 2 P .72 kg/kwf 6 ” 3 ^' ltS specific mass was 

Plumbing and Radiator 

Between states 2 and 3 of Fioure 2 the 

refrigerant is cooled. Ideally this is J ? \ superheated vapor 
pipe friction will cause , «,iV fti is an ls obanc process but 
in the radiatorionden2atLnccu?rtst”es r f P io J?.— looation 

itself^* depends ° ^in ^ tha^ “layout 1 tti" 9 , that within the radiator 
radiators are spatially conf^mrJ f 8 ' Bas e and how the 

be proportional to the^adiatOT area h By P firiM n th h iS assumed to 

axrea. sy fixing the pressure drop 


807 


it is possible to decouple the pipe sizing from the thermodynamic 
evaluation of the heat pump. Pressure drop is a function of line 
diameter and length. Following good engineering practice, the 
pressure drop is taken to be equivalent to a 1 °C temperature 
drop. Fluid selection will thus have a strong impact on plumbing 
weight. Wall thickness (to contain the pressurized fluid) and 
material selection (high strength aluminum) then determine weight. 

The weight of the plumbing system is different for the two 
concepts. Case A and Case B, and is also a function of refrigerant 
selection. For Case A, the plumbing mass for an ammonia based 
system is estimated to be 278 kg. For a Freon Rll based system, 
the same mass is estimated to be 1170 kg. The differences are 
attributed primarily to the differences in heat of vaporization and 
specific volumes between the two refrigerants. For Case B with 
ammonia, which includes additional plumbing and a mechanical pump, 
the estimated masses are 213 kg for the liquid line, 117 kg for the 
vapor line, for a total of 330 kg. For Case B with Freon Rll as 
the heat pump fluid and ammonia as the rejection loop coolant, the 
respective masses are 193 kg, 105 kg, and 298 kg. 

The function of the radiator is to reject the waste heat to 
space. Heat rejection is expressed as; 

0 = AenSfT*,'^-!*^) (1) 

where 0 is the heat rejected, A is the radiator area, e is the 
emissivity, n is the fin efficiency, S is the Stefan-Boltzmann 
constant, r ra)ect and T ilnk are the radiator and sink temperatures. A 
variety of radiator weight estimates are available. 1,2,3,11 Based on 
these previous estimates and the assumption of a conventional, 
vertical, two-sided radiator, a value of 2.5 kg/m 2 is assumed. The 
emissivity is assumed to be 0.8, the fin efficiency 0.7, and the 
sink temperature 48 °C. 

The throttle valve within the compressor represents the nearly 
adiabatic transformation from state 4 to state 5 in Figure 2 . The 
transition from state 5 to state 1, which completes the cycle, 
occurs in the evaporators. 

Power Supply 

The remaining mass penalty is represented by the weight of the 
power supply system needed to drive the heat pump (and circulating 
pump in case B) . A review of the literature indicates that there 
is no consensus for power mass penalty. ' * ' ' For the purposes 
of this analysis a nuclear source of the SP100 class is assumed. 
This gives a value of about 30 kg/kw. However, it should be noted 
that this is a highly subjective number. For example, it might be 
possible to. schedule operations such that the power requirements 
for operations are reduced during the lunar day in direct 
proportion to the heat pump's power requirements. If this is done, 
then it could be argued that there is no power mass penalty. 
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RESULTS 



overall mass optimization was performed on a spreadsheet 
The heat pump lift temperature, and hence the radiator temofrfturf ‘ 
was varied. The resulting variation in the mass of fh tur f' 
was then determined. Two working fluids, ammonia and f reon Rl^ 3 

assu». C d n ?i d ^ d v, f ° r both Casa A “ d Case B. For Case b it 

depicts ar iMyaLW /slsk*-,* gsd 

maSI« a f« e ;aoh of the SST2L5J*?* 1 ” co " ponsnt and a y=* a » 



Figure 5: Overall Thermal Control System (TCS) Mass 
as a Function of Rejection Temperature 


The results of this systems level study indicate that all four 

withTevI^r s ^“" F? re „ lativel y This" inconsistent 

is 5515 ka at a inf.V F °t Case A with ammor V ia / the optimum mass 

freonCth«n valueCareClosCgCtCf •? loV^se 2? 

J*e optimum system mass is 6392 kg at a radiator temperS^™^ 
These mfno?Ci freon ' these values are 5940 kg at 90 c. 

ofCadiator t^C.CSC ,m attrlbuted to mass variations because 
intprfara h f ^ , ul ^ e differences, the presence or absence of the 

fffriffrfnr Ba * exchan 9®r* and the differences in piping mass due to 

ref r « haraCter l StiCS * Given these observations, it is 
} assume that factors other than simply weight would 

2£2*2? f nd^f"^ Wh % the * ? r not to use an Lterface Sef? 

for its f lexiblli-tv if 06 ° f r t5 r * 9erant * Case B would be preferred 

micrometeroid bl i^fia+H 1 fr» COnne f tin9 ' heat P^P® in parallel and its 

elsewhere on vhT Ammonia would most likely be used 

supply standno-i nr Una » Base ' and thus would be preferred from a 

address cMMn^nr*^ However, more detailed study is needed to 

reliability^ lif«r<m« C * f *^ ^®®^ es ® ucl1 as materials compatibility, 
reliability, lifetime, and ultimate performance. 
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Optimum Component and Thermal Control System Masses 


Component 
ACQUISITION LOOP 
Cooling Load (Kw) 
Cooling Temperature (°C) 


Sa ge A/R717 £ase A/Rll Case B/R717 case b/rh 


100 

3 


HEAT PUMP 

HX (in) Temp. Drop (°c) 5 

HX (out) Temp. Drop n (°C) 
Input Temperature (°C) -2 

Output Temperature (°C) 90 

Coefficient of Perf. 1.11 
Compressor Power (kW) 90.2 
Rejection Heat (kW) 190.2 
Evaporator Mass (kg) 272 

Condenser/HX Mass (kg) 
Compressor Mass (kg) 18 

Subtotal (kg) 290 


POWER SUPPLY 
Power Penalty 


2707 


REJECTION LOOP 
Liquid Pipe Mass (kg) 
Vapor Pipe Mass (kg) 
Total Pipe Mass (kg) 


278 


RADIATOR 

Rejection Temp. (°C) 90 
Sink temperature (°C) 48 
Area (m ) 896 
Radiator Mass (kg) 2240 


TOTAL SYSTEM MASS (kg) 5515 


100 

3 


-2 

99 

1.06 

94.5 

194.5 

272 

19 

291 


2836 


1171 


99 

48 

724 

1810 


6108 


100 

3 


5 

5 

-2 

93 

1.06 
94.0 
194.0 
272 
528 
19 
819 


2821 


213 

118 

331 


88 

48 

969 

2421 


6392 


100 

3 


5 

5 

-2 
95 
1.14 
87.7 
187.7 
272 
511 
18 
800 


2631 


193 

105 

298 


90 

48 

884 

2211 


5940 
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ABSTRACT 

A parametric analysis is performed to compare different heat 
pump based thermal control systems for a Lunar Base. Rankine 
cycle and absorption cycle heat pumps are compared and opti- 
mized for a 100 kW cooling load Variables include the use or 
lack of an interface heat exchanger, and different operating 
fluids. Optimization of system mass to radiator rejection temper- 
ature is performed. The results indicate a relatively small sensi- 
tivity of Rankine cycle system mass to these variables, with opti- 
mized system masses of about 6000 kg for the 100 kW thermal 
load It is quantitatively demonstrated that absorption based sys- 
tems are not mass competitive with Rankine systems. 

INTRODUCTION 

Maintenance of an acceptable level of thermal control is a 
critical function for any spacecraft or space based facility. For 
modem spacecraft, thermal control is primarily a cooling prob- 
lem wherein excess heat must be removed from various locations 
and rejected to space. The larger and more complex the space- 
craft/space facility, the more difficult this task. Over the past 
three decades a variety of equipment has been developed to 
achieve this goal. In almost all previous applications, a thermal 
sink significantly colder than the equipment being cooled has 
been available to facilitate this heat transfer. Since all heat rejec- 
tion in space must ultimately be via radiation, a temperature dif- 
ferential of about 40 to 50°C between the source and the sink isa 
practical minimum in order to keep the size of the radiator within 
reasonable limits. 

A Lunar Base presents an unusual cooling problem. One of 
the principal issues in the design of such a facility is the thermal 
control system (TCS) used to reject moderate temperature heat 
(i.e„ approximately 5 to 30 °C) into space. The TCS insures that 
the conditioned areas of the base, such as crew habitat, laborato- 
ries, and instrumentation, are maintained within an acceptable 
temperature range. This is a particular challenge for situations 
with a hot thermal sink, such as the lunar surface. During the 14 
earth-day long lunar day, temperatures can reach 126° C. For 


conventional radiators, which must either view the hot surface or 
the sun, the effective thermal sink temperature can easily exceed 
moderate waste heat rejection temperatures. For example, for a 
base located in the equatorial region (almost all desired locations 
fall within this region) and using conventional radiators (with an 
emittance of 0.8 and an absoiptance of 0.28) the effective sink 
temperature is above 28°C for most of the lunar day. Hence, re- 
jection of such waste heat is either impractical (due to the large 
size of the radiators) or impossible. 

To overcome this problem, thermal control systems based on 
regolith thermal storage, special shaded parabolic radiators, or 
heat pumps have recently been proposed (1,2,3, 4). Unfortunate- 
ly, none of these proposed solutions is available off-the-shelf 
space technology. In addition, the performance of each concept is 
dependent upon the lunar environment, which is largely un- 
known. The use of the lunar regolith concept would require de- 
tailed knowledge of the regolith properties at the chosen location. 
This knowledge can only be obtained from on-site measure- 
ments, and there is very little such data currently available. 5 The 
parabolic radiator concept appears quite attractive if the assump- 
tions with regard to radiator/reflector surface properties are cor- 
rect 2 * 3 * 6 However, the environment around a Lunar Base might 
be very contaminated. Fine dust kicked up from operations 
would be a major concern as it could radically affect the perfor- 
mance of the radiator surfaces. The heat pump concept is also 
somewhat dependent upon contamination of radiator surface 
properties, but much less so than the parabolic radiator approach. 
Hence, as it is the least dependent upon the unknown environ- 
mental variables and location, it has the least risk from a design 
and performance standpoint Thus, a heat pump based system is 
the best choice, at least for the initial phase of operations. Figure 
1 depicts a simplified schematic of this concept 

It should be noted that there are many other applications be- 
sides a Lunar Base which would benefit from a heat pump capa- 
bility. Any situation in which the thermal sink is "hot” relative to 
the thermal source would be a prime candidate. Included in this 
category would be a Martian lander (higher power than the Vi- 
kings) since Mars CO 2 atmosphere would make radiation diffi- 
cult Perhaps more near term would be applications for space- 
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Figure 1: Heat Pump based TCS 
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craft which must operate in a hot thermal sink environment due to 
being in a very low orbit or other reasons. In addition, future 
spacecraft may not have sufficient surface area with a cold view 
to space due to crowding from instruments or other equipment 
TTiis is essentially a ’’real estate” problem which will become an 
increasing concern as spacecraft become more compact and 
complex. 


common driver. Current cost estimates are on the order of 
$ 1 0,000 per kilogram for launch to low earth nrhit (T PO) Trans- 
portation from LEO to the lunar surface would incur additional 
costs. Volume is also an issue, but not to as great an extent 
Hence, mass will be treated as the prime determinant in this 
study. 

The permanently manned Lunar Base in its initial configura- 
tion is projected to have from four to eight astronauts and require 
perhaps 100 kW of electrical power. 3 - 7 ' 8 The power may come 
from a photovoltaic/battery and/or fuel cell system, or a nuclear 
generator such as the SP— 100. Any high temperature (greater 
than about 100°C) waste heal generated by the power system 
could be rejected directly to the environment The electrical 
power consumed by the base for operations must eve ntuall y de- 
grade to moderate temperature waste heaL It is this low grade 
heat which will be the most difficult to reject. 

Several different types of heat pump based thermal control 
systems can be envisioned. 3 It is possible to have one or more 
central thermal busses with heat pumps located at the radiator. 
Alternatively it is also possible to have a more distributed system 
with heat pumps located at the load centers. In addition, a hybrid 
concept is possible. The heat pumps could be electrically driven 
or heat driven. Various operating thermal cycles are also pos- 
sible. 


All parametric studies need a common yardstick for compar- 
e measurement For space applications, mass is typically the 


Based on previous studies it appears that a single central ther- 
mal bus with electrically driven heat pumps located either at the 

load sources or at the radiators makes the most sense from a mass/ 

practicality standpoint 3 When located at the load centers, the 
heat pumps would tend to be smaller (5 to 1 5 kW) and more mod- 
ular in nature. Central heat pumps located at the radiators would 
tend to be larger (SO or 100 kW). It should be noted that these size 
and application differences might suggest different heat pump 
designs. Both concepts have their respective adva ntag e and dis- 
advantages. However, when comparable levels of reliability at 
the component level are applied, their specific system masses are 
about equal; 149 kg/kW for the modular option versus 133 kg/ 
kW for the central heat pump option. 3 The smaller mo dular heat 
pumps inherently have a lower coefficient of performance than 
the larger central units. However, the modular concept does have 
a second kind of built-in reliability. Even if the primary and 2 


back-up modular heat pumps serving a load center were to both 
fail, such a failure would only affect that individual load center. 
In addition, similar units could be scavenged for spare parts if 
necessary. 

APPROACH 

This paper expands upon existing studies of lunar heat pump 
applications. A detailed study was conducted to optimize a lunar 
thermal control system based on Rankine and absorption cycle 
heat pumps. Both lithium bromide-water and ammonia-water 
absorption cycles were considered. For the Rankine cycle, a 
search of several commonly used refrigerants has suggested R1 1 
and R717 (ammonia) as possible working fluids. System con- 
cepts are defined, and mass and performance parameters are de- 
veloped for each major component including the; 

• heat pump evaporator 

• heat pump condenser 

• heat pump compressor 

• plumbing 

• radiator 

• refrigerant 

• power penalty 

As in several previous studies, the gross cooling load is as- 
sumed to be 100 kW. A nuclear generator.such as the SP-100, 
could easily provide this power. In order to protect the Lunar 
Base from micrometeorid and radiation damage the walls would 
be quite thick. This would mean that the heat exchange with the 
environment would be negligible and that there would be no 
"heating” load. Thermal conditioning would be almost purely a 
cooling problem. 

Assuming nominal mass exchange with the lunar environ- 
ment, all electrical input must degenerate into waste heat. There 
will also be some metabolic waste heat from the assumed four to 
eight astronauts, but this contribution to the heat load will be 
minimal. Within any manned areas, for safety reasons a separate 
single phase water loop will acquire and transport waste heat to 
the heat pump. 1 - 2 - 3 It is assumed that this waste heat will all de- 
grade to a moderate temperature and then be acquired (through 
an interface heat exchanger) by the heat pump system at 3°C. 
(This is similar to the low temperature waste heat loop on Space 
Station Freedom, which will carry most of the Station’s waste 
heat). This internal thermal conditioning system would be com- 
mon to any external moderate temperature waste heat rejection 
system. Thus, this study will consider only the elements of the 
thermal control system from the heat pump out to the radiator. 



Figure 2: Rankine Cycle with Rll in p-h Representation 





Two different heat pump system concepts were analyzed. 
Both assume a single temperature loop connected to a single heat 
pump. The basic thermodynamic cycle is represented by Figure 
2. In the first concept. Case A, the heat pump is directly con- 
nected to the rejection loop. The heat pump condenser and radia- 
tor are thus the same device, with a consequent mass savings. 
This also implies commonality of refrigerant for the heat pump 
and radiator. Figure 3 presents a simplified schematic of this con- 
cept For Case B, depicted in Figure 4, a separate heat exchanger 
is interposed between the heat pump compressor and the radiator. 
This approach imposes mass and temperature drop penalties, but 
does offer significant advantages with regard to operations. It is 
now much easier to connect several heat pumps in parallel as 
proper flow distribution would not be an issue. In addition, sur- 
vivability is enhanced as a loss of refrigerant on one side of the 
heat exchanger would not impact the other side. Incorporation of 
redundancy and repair procedures would thus be simplified. 
This feature may be particularly valuable should the radiator and 
/or transport lines prove susceptible to micrometeroid damage. 



Figure 3: Schematic of Heat Pump for Case A 



Figure 4: Schematic of Heat Pump for Case B 
ANALYSIS 

In order to develop an estimate of system mass, a specific 
mass (mass as a function of kW cooling capacity) was identified 
for each major system component except for the system plumb- 
ing. The mass for the plumbing is not solely dependent on the 
cooling or rejection loads, and is computed for of the cases 

as described in the following section. The characteristics of each 
component are also discussed below. 

HE ATPUMP- Figure 2 illustrates the Rankine cycle process 
in a pressure-enthalpy diagram. From state 1 to 2 the refrigerant 
vapor is compressed in what is ideally an isentropic process, but 
in reality is nonisentropic due to inefficiencies and fluid friction. 
The overall compressor efficiency is the product of the mechani- 
cal, electrical, and controller efficiencies and the fluid friction. 


For state-of-the-art aircraft compressors these efficiencies are; 
flmcdr s O-95,Ti c j iec =0.94, i\ C0B |^).9I f and Tin n^^ ). 75.^ The over- 
all efficiency, Hu*, is thus; 

fltoi — flmech * ^lelec * TJcooi * fluid = 61 % 

It is assumed that the compressor would be located outside 
the conditioned spaces and thus rely primarily on radiation for 
heat rejection. As the radiated heat would be small, it is assumed 
that all the energy supplied to the compressor is used to compress 
and heat the refrigerant 

The specific mass of the Rankine cycle compressor is as- 
sumed to be 0.202 kg/kW (rejection load). This represents a high 
efficiency aeronautical machine of a somewhat larger size. For 
this study, this specific mass was assumed to be constant regard- 
less of heat pump size or refrigerant selection. 

Between states 2 and 3 of Figure 2 the superheated vapor refrig- 
erant is cooled and between states 3 and 4 it condenses. Ideally, 
this is an isobanc process but friction will cause a small pressure 
drop. For Case A this process occurs in the radiator and the mass 
estimate will be discussed in a later section. In Case B the con- 
denser separating the heat pump from the rejection loop is as- 
sumed to have a specific mass of 2.72 kg/kW (heat transferred). 3 
From state 4 to state 5 the refrigerant is throttled. This process is 
assumed adiabatic and there is no need to incorporate inefficien- 
cies. The mass of the throttle is negligible compared to heat pump 
mass. 

Between states 5 and 1 the refrigerant absorbs the cooling load in 
the evaporator. The mass of the evaporator is assumed to be 2.72 
kg/kW (cooling load). 3 

The Rankine-cycle system discussed above is an example of 
a work-driven heat pump (WDHP). Energy needed to provide 
the temperature lift is provided by shaft work, usually from an 
electrical motor. Another alternative is to use heat to drive a re- 
frigeration cycle. An example of such a heat driven heat pump 
(HD HP) is the absorption cycle. In such machines waste or pro- 
cess heat is employed to drive a chemical process which has the 
effect of providing a temperature lift For a Lunar Base, waste 
heat from a nuclear generator or other source could be employed 
to drive such acycle. Should waste nuclear generator heat not be 
available, a dedicated solar collector system could be employed. 
Such a system could be quite efficient since it is self adaptive in 
that the availability of solar energy would be coincident with the 
thermal load. The ability of the radiators to reject heat is directly 
related to the effective sink temperature which is inversely pro- 
portional to the availability of solar collector energy. 

A basic schematic for an absorption cycle HDHP is given in 
Figure 5. Heat acquisition and rejection processes are similar to 
the Rankine cycle discussed above. Between states 1 and 2 the 
refrigerantcondenses and rejects heat. From state 2 to state 3 it is 
throttled to a lower pressure and then evaporated (states 3 to 4). 
The important difference from a Rankine cycle is the absence of a 
power consuming vapor compressor. Instead, the refrigerant 
goes into solution with a carrier fluid in the absorber (states 4 to 
5), and is then pumped (statesS to 6) as a liquid to a high pressure. 
The refrigerant is then separated from the carrier fluid at the high- 
er pressure by means of heat addition in the generator. A relative- 
ly weak solution is circulated back from the generator to the ab- 
sorber (states 7 to 8). The mechanical (or electrical) power need- 




ed to drive this cycle is negligible compared to the compressor 
work of the Rankine cycle. However, the thermal energy needed 
to separate the solution in the generator is considerable. Heat 
must be rejected from both the condenser and the absorber. Since 

this heat will be at a lower temperature than when it arrived at the 

HDHP, a larger radiator area will be needed for rejection. This 
represents a mass penalty, the size of which depends primarily 
upon the absolute temperatures of the radiator, sink, and initial 
driving temperature. 



Figure 5: Schematic of an Absorption Heat P um p 

In an absorption system, two fluids circulate in the heat 
pump; the actual refrigerant and the fluid used to absorb the re- 
frigerant Many working pairs are possible, but for the purposes 
of this study only ammonia-water and lithium bromide-water 
will be considered. Other fluid pairs are still in the research stage. 

For the temperatures involved in this study, ammonia-water 
absorptions systems are not particularly efficient For the three 
stage dephlagmation assumed for this application, the reference 
conditions are characterized by a generator temperature of 
193°C, a cooling temperature of -7°C, and a rejection tempera- 
ture for the absorber, condenser, and dephlagmators of 71 °C. 
Given these conditions the coefficient of performance (COP) of 
such a machine would be only 0.1. Due to this low efficiency a 
system level mass analysis with an ammonia-water heat pump 
has not been performed. 

Lithium bromide-water absorption heat pumps are popular 
because of the relative ease with which the refrigerating fluid 
(water) can be separated from their carrier fluid (lithium bro- 
mide). The basic operating principal is similar to the ammonia- 
water system described earlier. However, for the lithium bro- 
mide-water system a single stage separation is sufficient to ob- 
tain the pure refrigerant (water). The thermodynamic cycle in 
this heat pump has several degrees of freedom. It is reduced by 
one degree using the limiting temperature for onset of crystal- 
lization of Lithium Bromide. The COP, then, is a function of 
cooling, rejection, and generator temperature. A mass optimiza- 
tion procedure that is elegant and at the same time analogous to 
the Rankine cycle optimization, is one where the COP can be ex- 
pressed as a function of T^ alone for a given T^. Thedepen- 
dence of COP on Tg a can be removed as follows: Figure 6 shows 
the COP as a function of generator temperature for several values 
of Thigh. Pot each Thigh there is one distinct maximum of COP. 

Assuming that the operation of the heat pump at these maxima is 

feasible, it is found that these COPs are linearly de pe ndent on 
Thigh (Figure 7). Using this relationship, the radiator temperature 
Thigh for optimal TCS mass is determined. 
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Figure 6: COP of a LiBr— Water Heat Pump as a function of 
Tgen for several Thigh and T cool =7°C 

Specific masses for the various elements of the lithium-bro- 
mide absorption heat pump are not readily available. However, 
the major components can be approximated as heat exchangers 
and their masses estimated based on the rate of heat transfer oc- 
curring inside them. This is recognized to be a simplistic approx- 
imation which will significantly underpredict actual masses. 
Hence, it is termed an optimistic mass estimate. 

The heat loads for all absorption heat pump components are 
then estimated to predict the total mass of the heat pump. De- 
tailed cycle analysis has shown that the total heat transferred in 
all components can be expressed in terms of the cooling load and 
the COP. This results in an expression for the absorption heat 
pump mass, Mjja of 

M HP = (2.72kg/kW>Q touJ 
where 

Qtaul = Qcool(2 + (2 -KQint/QgenVCOP) 

and; 

Qcoo) = cooling load 

Qint = internal heat load (sum of heat loads in recuperator and 
precooler) 

Qgo» = heat supplied to the generator 

COP = coefficient of performance , as a func tion of »h from 

Figure 7 

The ratio Qim/Qgen can be assumed constant for the range of op- 
eration of interest for the heat pump. 

PLUMBING AND RADIATOR — The length of the plumb- 
ing, including that within the radiator itself, depends on the lay- 
out of the Lunar Base and how the radiators are spatially config- 
ured. The pipe length is assumed to be proportional to the radiator 
area. By fixing the pressure drop it is possible to decouple the 
pipe sizing from the thermodynamic evaluation of the heat pump. 
Pressure drop is a function of line diameterand length. Following 
good engineering practice, the pressure drop is taken to be equiv- 
alent to a 1°C temperature drop. 10 Fluid selection will have a 
strong impact on plumbing mass. Wall thickness (to contain the 
pressurized fluid) and material selection (high strength alumi- 
num) then determine mass. 








Figure 7: Linear Approximation of COP^-h) for a LiBr- 
Water Heat Pump 


TTie mass of the plumbing system is different for the two con- 
cepts, Rankine (Case A and Case B) and absorption, and is alsn a 
function of refrigerant selection. For Rankine Case A, the 
plumbing mass for an ammonia based system is estimated to be 
278 kg. For a Freon R 1 1 based system, this mass is estimated to 

be 1170kg. The differences are attributed primarily to the differ- 
ences in heat of vaporization and specific volumes between the 
two refrigerants. For Rankine Case B with ammonia, which in- 
cludes additional plumbing and a mechanical pump, the esti- 
mated masses are 213 kg for the liquid line, 117 kg for the vapor 
line, for a total of 330 kg. For Rankine Case B with Freon R 1 1 as 
the heat pump fluid and ammonia as the rejection loop coolant, 
the respective masses are 193 kg, 105 kg, and 298 kg. 

For the absorption heat pump, an extra mass penalty must be 
added to represent the transport loop from the high temperature 
heat source to the heat pump. This includes the tubes, transport 

fluid, pump, and a power penalty associated with the pump. The 

length of the piping is assumed to be 500 m, and the tube diameter 
is optimized for minimum mass consistent with a pressure drop 
of no more than 10 percent A suitable heat transport fluid for the 
250 to 700 C range is water. A detailed analysis showed that the 
mass penalty can be linearized to; 

H™,joop = (2.9 kg/kW)»Q Jouree 
The function of the radiator is to reject the waste heat to 
space. Heat rejection is expressed as; 

0*3 = A-eti-S-CT 4 ^ rej - T’nnk) 

where Qjq is the heat rejected, A is the radiator area, e is the emis- 

sivity,t| is the fin efficiency, S is the Stefan-Boltzmann constant, 
Tndiej and T^ are the radiator and sink temperatures. A variety 
of radiator mass estimates are available. 11 Based on these 
previous estimates and the assumption of a conventional, verti- 
cal, two-sided radiator, a value of 2.5 kg/m 2 is assumed. Results 
of the sensitivity analysis for radiator specific mass are presented 
in the results section. The emissivity is assumed to be 0.8, the fin 
efficiency 0.7, and the effective sink temperature 48°C. 

POWER SUPPLY - The remaining mass penalty is repre- 
sented by the mass of the power supply system needed to drive 
the heat pump (and circulating pump in case B). A review of the 
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literature indicates that there is no consensus for power m ass pen- 
aity.23.11,12,13 For the purposes of this analysis a nuclear source 
of the SP100 class is assumed. This gives a value of about 30 kg/ 
kW. However, it should be noted that this is a highly subjective 
number. Forexample, it might be possible to schedule operations 

such that the power requirements for operations are reduced dur- 
ing the lunar day in direct proportion to the heat pump’s power 
requirements. If this is done, then it could be argued that there is 
no power mass penalty. A sensitivity analysis was performed and 
the results are presented in the following section. 

RESULTS 

The overall mass optimization was performed on a spread- 
sheet The heat pump lift temperature, and hence the radiator 
temperature, was varied. The resulting variation in the mass of 
the components was then determined. Two working fluids, am- 
monia and freon Rll, were considered for both Rankine Case A 
and Case B. For Case B it was assumed that the rejection loop al- 
ways had ammonia. Figure 8 depicts the resulting system mass 
as a function of rejection temperature for the Rankine systems. 
Table I presents the optimum component and system masses for 
each of the four Rankine cycle scenarios. Figure 9 depicts the 
mass of the lithium bromide-water TCS as a function of radiator 
temperature. Table 2 presents the corresponding optimum com- 
ponent and TCS masses for the lithium bromide-water TCS. 

CONCLUSION 

The results of this study indicate a relatively small sensitivity 
of system mass to operating fluids and the use or lack of an inter- 
face heat exchanger. Using relative accurate mass estimates, the 
four Rankine systems are projected to each have a total system 
massofabout6000kg. This is consistent with previous studies. 3 
For Case A with ammonia, the optimum mass is 5515 kg at a ra- 
diator temperature of 90°C. For Case A with freon, these values 
are6108 kg at99°C. ForCase B with ammonia, the optimum sys- 
tem mass is 6392kg at a radiator temperature of 88° C. ForCase 
B with freon, these values are 5940 kg at 90°C. These relatively 
small differences are attributed to mass variations due to radiator 
temperature differences, the presence or absence of the interface 
heat exchanger, and the differences in piping mass due to refrig- 
erant characteristics. 

The lithium bromide-water absorption system also has a total 
system mass of about 6000 kg, but this is with rather optimistic 
mass estimates for the absorption machine. Since the absorption 
heat pump represents a very large fraction of the total HDHPTCS 
mass (43%), more realistic absorption heat pump mass estimates 
would almost surely mean a significantly heavier system. Also, 
the absorption system had to be evaluated for a higher cooling 
temperature than the Rankine cycle heat pump due to operating 
limitations. For this reason, as well as the uncertain availability 
of a high temperature heat source to drive the absorption cooler, 
which could imply a further mass penalty, a Rankine system 
would be preferred. 

Figures 10 and 11 show the results of a sensitivity analysis 

performed for radiator specific mass and power penalty. The ref- 
erence is Case B with Rll. Figure 10 depicts the increase of opti- 






Figure 8: Overall TCS Masses as a Function of Rejection 
Temperature for Rankine Cycle Heat Pumps 



Figure 9: Overall TCS Mass for a LiBr-Water Absorption 
Heat Pump as a Function of Rejection Temperature 

mized TCS mass with increasing power penalty. As the power 
penalty increases the optimal rejection temperature decreases. 
Figure 1 1 presents the results of a variation in radiator specific 


mass. Increasing radiator specific mass also increases the opti- 
mized TCS mass. Here the optimum rejection temperature in- 
creases with radiator specific mass. The variation of optimal re- 
jection temperature with changing power penalty or radiator spe- 
cific mass becomes apparent when their contribution to the TCS 
mass are considered. If the power penalty is increased the radia- 
tor becomes a smaller fraction of the mass and therefore less criti- 
cal to optimize. The mass optimization will reduce the power re- 
quirement and thereby cause the radiator size and mass to in- 
crease. For increasing radiator specific masses the situation is 
vice versa. However, it is seen that the optimal TCS mass can be 
predicted with relative ease using the models developed here for 
a wide range of radiator specific mass and power penalty. 



Figure 10: Sensitivity of TCS Mass to Power Penalty 



Figure 11: Sensitivity of TCS Mass to Radiator specificMass 

It is reasonable to assume that factors other than simply mass 
would drive the decision on whether or not to use an interface 
heat exchanger, and the choice of refrigerant The Rankine Case 
B would be preferred for its flexibility in connecting heat pumps 
in parallel and its micrometeroid isolation. Ammonia would 
most likely be used elsewhere on the Lunar Base, and thus would 
be preferred from a supply standpoint 
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Table 1 Table 2 

Optimum Component and Thermal Control System Masses Optimum Comnonent and TCS 


Component 




ACQUISITION LOOP 
Cooling Load [kW] 

100 

100 

100 

100 

ACQUISITION LOOP 
Cooling Load 100 kW 

Cooling Temperature [°C] 

3 

3 

3 

3 

Cooling Temp. 

7 °C 

HEAT PUMP 
HXja Temp. Drop [°C] 

5 

5 

5 

5 

HEAT PUMP 
Output Tfemp. 

£ 

o 

n 

HXooi Temp. Drop [°C] 

- 

- 

5 

5 

COP 

0.535 

Input Temperature [ 0 C] 

-2 

-2 

-2 

-2 

Heat Source 

1 86.87 kW 

Output Temperature [°C] 

90 

99 

93 

95 

Rejection Load 

286.87 kW 

COP 

1.11 

1.06 

1.06 

1.14 

Heal Pump Mass 

2577 kg 

Compressor Power [kW] 

90.2 

94.5 

94.0 

87.7 

HEAT SOURCE 

Rejection Heat [kW] 

190.2 

194.5 

194.0 

187.7 

Source Tfemp. 

430 °C 

Evaporator Mass [kg] 

272 

272 

272 

272 

Source Load 

186.87 kW 

Condensor/HX Mass [kg] 

- 

- 

528 

511 

spec. Mass Loop 

2.9 kg/kW 

Subtotal [kg] 

290 

291 

819 

800 

Loop Mass 

542 kg 

POWER SUPPLY 
Power Penalty [kg] 

2707 

2836 

2821 

2631 

REJECTION LOOP 
Rejection Temp. 

128 °C 

REJECTION LOOP 
Liquid Pipe Mass [kg] 



_ 

213 

193 

Sink Temp. 
Fin Efficiency 

O 4^ 
* 

o 

n 

Vapor Pipe Mass [kg] 

- 

- 

118 

105 

Emissivity 

0.8 

Total Pipe Mass [kg] 

278 

1171 

331 

298 

Radiator Area 

640.5 m 2 

RADIATOR 
Rejection Temp. [°C] 

90 

99 

88 

90 

Rad. spec. Mass 
Radiator Mass 

2.5 kg/m 2 

1601 kg 

Sink Temperature [°C] 

48 

48 

48 

48 

Power Rad. saving 

64.13 kg 

Area [m 2 5 6 ] 

896 

724 

969 

884 

Net Rad. Mass 

1537 kg 

Radiator Mass [kg] 

2240 

1810 

2421 

2211 

SYSTEM 

SYSTEM 

Total System Mass fkgl 

-5515 

5108 

6392 

mi 

System Mass 

5993 kg 
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